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CONTAINS 
PULLOUTS 
ABSTRACT 
Balanced and restored cross sections demonstrate a 
minimum 16 km shortening below the t'Ioine Thrust and 
minimum restored wi1ths of 17 km between the La Meije and 
Co~beynot Thrusts (external Alps), and 54 km between the 
frontal Subbrian~onnais Thrust and the western Brian~onnais 
Zone (internal Alps). Imbricate thrusts within the Moine 
'l'hrust Zone branch off a floor thrust which cut s up 
stratigraphic section from basement (Lewisian gneiss) to 
Cambrian shelf sediments parallel to the ESE-wNW movement 
direction. Cut-off relationships and fold geometries 
within the Pelvoux-nrianconnais suggest a change in move-
~ 
ment direction of thrust sheets during the evolution of the 
French Alps from ENE-v/SH for the Brianronnais and Sub-
brianronnais Zones to ESE-v'v'Nvv for the External Zones. 
Hi~her thrust sheets are frequently flexured as a 
result of slip on lower thrust surfaces (in-sequence 
thrusting) • Important examples occur of Imver thrust 
assemblages which are truncated by higher thrust surfaces 
(out-of-sequence thrusting). 3trains within thrust sheets 
from the Kinlochewe region suggest ~o - 2~a layer parallel 
shortening may develop in the footwall to an abandoned 
thrust as a tip strain to a newly developing thrust. 
Variations in strain may reflect variable propagation 
rates; differential displacement has resulted in differ-
ential movement within thrust sheets. 
Fault-bend folds (structurally necessary folds) have 
developed following slip of thrust sheets across irregular 
thrust surfaces and buckle folds have grown during shorten-
ing within the sheet. Extensional fault sheets (surge 
zones) can be mapped out in the Brianpon region which both 
truncate and are flexured by thrust structures; important 
extensional structures have developed during evolution of 
the thrust ""celt. 
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I1'TTRODU~}TI ON 
(i) Field of research and aims of project 
Field mapping has been carried out in the Pelvoux -
Brian~onnais region of the French Alps at a scale of 
1:25000 over a period of 24 weeks during the summer months 
of 1981, 1982 and 1983. Approximately 12 weeks have been 
spent in the Kinlochewe region of the rloine Thrust Zone, 
N.1Jl. Scotland, where field mapping was carried out at 
1:10000 during the spring months of 1981, 1982 and 1983. 
This mapping was aimed at esta0lishing the 3 dimensional 
fold and thrust geometry in order to refine ideas on the 
structural evolution of both regions, and in particular to 
establish the sequence of development of folds and thrusts 
and the sequence of e~placement of thrust sheets. 
Techniques that have been used are based on the approach 
used by Elliott & J.ohnson (1980) and Soyer & Slliott (1982) 
to analyse the geometry of thrust belts. The distribution 
of strain within thrust sheets has been assessed in terms 
of strains develoned prior to, during and after development 
of detachment level s. 'I'he results that have arisen from 
this anproach are integrated with existing ideas on the 
structural evolution of both thrust belts. 
The field description of thrust sheets, their illus-
tration on carefully drawn cross sections and discussion on 
the evolutionary se~uence of thrusting was incorporated into 
the classic me'TIoir on the Geological Structure of the iJ. itJ. 
Highlands of Scotland by Peach et ale (1907). Field 
observation of textures within roc k 5 close to thrust 
surfaces was standard procedure for the structural aspect 
of this complete geological review of N. ~:l. 3cotland. Early 
studies in the iolestern Alps, e.g. Argand (1916,1922) and 
Collet (1943) further emphasised the use of cross sections 
in illustration of the geometry of folds within thrust 
sheets and in the extrapolation of outcrop geology to pro-
vide possible altern~tives for the cross-sectional structure 
of the Alps. Rich (1934) observed that in the Appalachians 
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of N. A"!lerica thrusts follow ramp and flat trajectories 
which results in the moving thrust ~lock assuming a modified 
geonetry as it sl ips. 1}ork carried out in the Canadian 
RocKies in the early 1960's, e.g. Bally et ale (1966) 
utilised geophysical data to constrain cross sections based 
on field mappin~ and drew conclusions concerning the 
evolutionary sequence of thrusts. The study of the 
geometry of thrust belts and the evolutionary sequence of 
thrust development is therefore a long established field of 
research. 
Current research in the field of thrust tectonics is 
largely based on the results of oil company exploration in 
the Rocky 110untains during the early 1960' s, e.p.;. Bally 
et ale (1966). The idea of constructing balanced cross 
sections where the geology can be restored to its pre-
deformational configuration was formally introduced by 
Dahlstrom (1969). Theories concerning the driving 
mechanis~s of thrust sheets and hence the relative import-
ance of stress systems resulting from gravitational and 
compressive crustal forces have been examined by Elliott 
(1976a) and Jhapple (1978). 3alanced cross sections 
through the Rocky I-:ountains revealed characteristic geo-
metrical features within thrust sheets and subsequent 
modelling of the strain history of a thrust slab as it 
slips across an undulating thrust surface has been examined 
by several workers, e.g. Elliott (1976b), 1i~iltschko (1979), 
Berger & Johnson (1980) and Fischer & Coward (1982). 
A framework now exists for integration of finite 
strain markers within thrust belts with the 3 dimensional 
structural geometry in order carefully to depict the 
evolutionary sequence of thrust systems. 
This thesis is divided into 2 parts, Part One deals 
with the Noinel'hrust Zone and Part Two deals with the 
French Alps; previous work within each area is discussed 
in the relevant regional geology chapter. The locations 
of the two study areas are illustrated in Figs. A and B. 
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(ii) Introduction to thrust systems and balanced cross 
sections 
Analysis of the 3 dimensional structure of various 
thrust belts by detailed geological mapping and subsequent 
construction of balanced cross sections, which in some 
cases have incorporated borehole and geophysical data, has 
led to the recognition of characteristic thrust belt 
geometries. The recognition of particular geometrical 
relationships between thrust sheets can define the evolu-
tionary sequence of part of a thrust belt and will produce 
well constrained alternatives when predicting the structure 
in areas of poor exposure. A description of the majority 
of important geometrical relationships and of the termin-
ology used when analysing thrust belts is presented by 
30yer & Elliott (1982) and Dahlstrom (1970); an additional 
paper which specifically discusses the teroinology of 
structures in thrust belts is given by 3utler (1982c). 
Exa~ples of the use of a geometrical approach to thrust 
belts and of the value of recognising particular positions 
within thrust sheets, are demonstrated by Elliott 8e Johnson 
(1980), where the authors reassess the structural evolution 
of the northern Moine Thrust Zone, and also by Boyer & 
Elliott (1982) where examples are drawn from various thrust 
belts including the ~.}estern Alps. This approach has been 
used recently on the south-western margin of the Mont Blanc 
Massif in the French Alps (Butler, 1983), where recognition 
of a number of important geometrical relationships has 
allowed the confident prediction of a particular evolution-
ary sequence, and construction of balanced cross sections 
has produced a well constrained minimum value for the 
amount of shortening in that part of the thrust belt. 
Numerous other examples of the application of a geometrical 
approach to thrust belts, on all scales, now exists, e.g. 
3utler & Goward (in press), Cooper et ale (1983), Coward 
(1983) and Hossack (1983). 
A complete revie"j of the geometry and terminology of 
thrust belts is unnecessary at this pOint, a short 
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introduction to some simple definitions is given. 
3pecific geometrical variations from the study areas are 
described in the relevant sections and any terminology or 
geometrical discussion and co~parison are dealt with as 
necessary. 
(a) Thrust sheets and thrust surfaces 
Thrusting involves displacement of a volume of rock 
Over another above a thrust surface. Strictly speaking a 
displaced volume of rock having moved in reverse sense 
should be termed a thrust sheet once a small amount of slip 
has occurred on the thrust surface, but usually a thrust 
sheet is understood to exist when the thrust surface cuts 
across bedding planes up stratigraphic section in the 
direction of displacement, thereby duplicating and thicken-
ing the sequence. Thrusts are usually assumed to 
develop as detachment levels parallel to a horizontal datum 
plane or as detachment levels which cut up towards the 
erosion surface at the time of displacement; these segments 
of the thrust surface are known as flats and ramps respect-
ively. Typically a thrust surface has a ramp and flat 
trajectory through a lithological sequence when viewed on 
a cross section drawn parallel to the displacement 
direction. 
The zone immediately above the thrust surface is 
termed the hangin~~all and that below the thrust surface is 
termed the footwall. Clearly, on a cross section drawn 
parallel to the displacement direction the footwall and 
hangingwall will get straticra,hically younger in the 
direction of displacement, provided that the thrust surface 
is developed through a previously undeformed, subhorizontal 
succession. On a longitudinal section, drawn parallel to 
strike, it is often observed that the thrust surface cuts 
up and down stratigraphic sequence perpendicular to the 
displacement direction. This is a result of ramp segments 
of the thrust surface chanfing orientation fro~ perfectly 
frontal ra~ps (90 0 to movement direction) to perfectly 
lateral ra~ps (parallel with movement direction), through 
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an internediate stage of oblique ramps. The stratigraphic 
level of the thrust surface on a longitudinal section, or 
on a cross section drawn parallel to the movement direction 
will change as the section crosses a ra~p of any orienta-
tion. Therefore, on a cross section a ramp may appear to 
be a perfectly frontal or a perfectly lateral part of the 
thrust surface; however, it may possibly be oblique. 
Detachment levels are often observed to die out at tip 
lines which separate slipped from unslipped rock (Hossack, 
1983). Tip lines occur as frontal, oblique and lateral 
features relative to local movement direction. The 
structures which have been described in this section are 
illustrated in Fig. C. 
(b) Thrust sequences, duplexes and imbricate fans 
The problem of establishing the evolutionary sequence 
of structures within a thrust belt can be approached on the 
scale of the belt by carefully studyin~ the age of 
synorogenic sediments and their structural relationship 
with overlying and underlying thrust sheets. This geo-
logical situation is usually confined to the external parts 
of the Mesozoic to Recent ~ountain belts, as a result of 
erosion of the higher levels of older belts. In order to 
establish the evolutionary sequence of thrust surfaces that 
developed a number of kilometres below the synorogenic 
erosion surface, geometrical criteria can be used. 
Boyer & Elliott (1982) illustrate how several thrust 
sheets may be stacked on top of each other to form duplexes 
and imjricate fans. A duplex is a stack of thrust sheets, 
each thrust sheet being termed a horse, when enclosed by an 
overlyin~ roof thrust and an underlying floor thrust. An 
imbricate fan is a stack of thrust sheets in which each 
imbricate thrust cuts the present day erosion surface, this 
being due to removal of structurally higher thrust sheets 
by erosion or by the imbricate thrusts having cut up to the 
synorogenic erosion surface, in which case the structure 
is termed an emergent imbricate fan. 
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Typically the roof thrust to a duplex is a region-
ally significant or major thrust surface overlain by a 
major thrust sheet. iI'he' roof' thrust may cut across the 
underlying stack of horses as a planar feature, thereby 
removing the upper portion of the duplex as a segment in 
the hangingwall. In this case it is clear that develou-
ment of the structurally highest thrust postdates formation 
of the stack of horses. At the present time the observa-
tion of a structurally higher thrust surface having formed 
later than an underlying thrust surface, irrespective of 
any contrast in scale between the t';IO thrust sheets is 
termed out of sequence thrusting. Previously this has 
been known as the overstep model in which structurally 
highe~ thrusts were thought to cut across, and therefore 
postdate, lower structures. 
'rhe curre':ltly popular model for the sequence of 
development of thrust surfaces is that structurally lower 
thrusts are youngest, and that thrust belts develop from 
the internal zones (hinterland) towards the external zones 
(foreland) by accreting slabs of the foreland as thrust 
sheets. This is termed in sequence thrusting or piggy-
back thrustin~. One of the geometrical results of thrusts 
developing in sequence is gentle folding of an overlying 
thrust as a result of movement on imbricate thrusts within 
the duplex, see Fig. D. Displacement on imbricate thrusts 
results in warping of a structurally higher thrust sheet 
as each horse sli?s along the higher thrust surface. 
These bulges, which occur in the hangingwall to the roof 
thrust are termed culminat~ons. A model which proposes 
that each horse within a duplex moves up an approximately 
frontal ramp and then along the upper footwall flat (the 
roof thrust surface) in sequence, involves a systematic 
folding and unfolding of the horses as the duplex develops. 
Butler & Coward (in press) describe the results of 
recent remapping of the i'loine 'rhrust .i3elt, and suggest 
that it is nore common for imbricate thrusts to cut up 
through a structurally higher major thrust rather than to 
join with it. Butler (1983) postulated imbricate thrusts 
- 7 -
Thrust sheet 
Han9ill9"'_a_ .......... Tt-.'ust surface 
-
Footwall 
F at 
Oblique ramp 
La tera l 
FIG. C. Thrust sheets and thrust surfaces. 
1 Duplex development by in se~u ence thrusting 
~ _Roat lhNSL ~'-__ _ 
-~-
Floor Thrust 
2 Out 0 f sequence thrusti n 9 -l .. Leaky" duplex development by 
~quence thrusting 
Pendant" 
-
-
Branch line 
--
Breached roof 
FIG. D. Thrust sequences and resulting geometry. 
- 10 -
slicing throuf';h the local I roof' thrust in the Nont 13lanc 
re~ion of the French Alps and the descriptive term which 
he has attached to this is "breached roof structure", in 
which the segments of the hangingwall preserved below the 
imbricate thrusts are :-{nown as "roof pendants", the duplex 
which spa~rns these thrusts is described as being "leaky". 
This has the local effect of a younger thrust appearing in 
a structurally higher position than an older thrust, and 
is therefore apparently out of sequence. Obviously if 
breached roof structures can be positively identified it 
is absolute proof of in sequence thrusting, in that the 
higher thrust sheet must have been in position before 
development of the structurally lower thrust. 
Dunlexes and imbricate fans contain anastomosing 
thrust surfaces, thrusts are frequently observed to 
branch off each other and they may rejoin at some position 
within the duplex. The line along which the lower thrust 
splays off the higher thrust is termed a trailing branch 
line, and the line along which the splay rejoins the 
higher thrust is termed a leading branch line. 
(c) Balanced cross sections 
Balanced cross sections (Dahlstrom, 1969) are an 
integral part of thrust belt analysis and numerous exam-
ples of their use in the illustration of thrust belt 
geometry and in the calculation of orogenic contraction 
no~r exist, e.g. Elliott & Johnson (1980), Butler (1983) 
and Cooper et ale (1983). A balanced cross section is 
one which incorporates all observed field data and can be 
restored to its pre-deformational configuration by 
sequentially removing the effects of deforrnatOion. Fre-
quently, in areas of poor exposure or low relief, it is 
helpful to project structures which occur near to the 
line of section onto the balanced cross section in order 
to constrain the geometrical alternatives. Dahlstrom 
(1969) used the example of the Alberta Foothills of the 
Rocky l10untains to demonstrate hmv balanced cross sections 
can be applied to the external, or marginal, thrust zones 
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of orogenic belts.3ections must be constructed parallel 
to the movement direction of thrust sheets. In the 
Alberta Foothills the fold axes trend perpendicular to 
this direction, the folds are concentric and the thrust 
surface strike is parallel to the fold axes. As a result 
of this simple structural geometry, Dahlstrom was able to 
assume plane strain defor~ation as along-strike shortening 
or extension was insignificant. Therefore during the 
evolution of the Alberta Foothills the cross-sectional 
area of beds remained constant, allowing the restored 
cross sections to be checked with the balanced cross 
section. In order for the balanced section to be 
ad~issible the cross-sectional area must equal the cross 
sectional area on the restored section. In concentric 
folding situations a further simplification in checking 
the admissibility of a cross section is possible. The 
cross-sectional area is a function of the bed length and 
bed thickness; the bed thickness remains constant during 
formation of concentric folds, therefore the cross-sec-
tional bed length will also remain constant during 
defor:nation. So the most rapid check for cross section 
admissibility is a verification that the bed lengths on 
the balanced and restored sections are equal. 
Hossack (1979) reviewed the use of balanced cross 
sections in the calculation of orogenic contraction and 
de~onstrated how balanced cross sections will differ from 
their restored versions in terms of cross sectional area 
where the deformation cannot be simplified as due to 
plane strain. A specific strati~raphic interval within 
the Etnedal nappes of the Norwegian 8aledonides (Hossack, 
1979) has undergone an average 20-25i'" ductile flattening 
during cleavage for:nation which has resulted in an 
equivalent reduction in for~ation thickness. If the 
present day cross sectional area is divided by the original 
stratigraphic thickness of the nappes, then the original 
length of the section can be estimated. Clearly, the 
geometrical chanbes which occur du~ing internal deforma-
tion of thrust sheets have to be incorporated on balanced 
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cross sections. By introducing a simplifying assumption 
of no volume change during thrust belt evolution, then any 
along strike elongation can be calculated from considera-
tion of the area reduction in the plane of the balanced 
cross section, constructed parallel to the displacement 
direction. Finite strain data must therefore be obtained, 
if possible, from thrust sheets where there is significant 
internal deformation in order to produce a final realistic 
restored section; without this orogenic contraction cannot 
be calculated. 
In practice, construction of restored sections which 
accurately reflect the pre-deformational configuration of 
stratigraphic units is problematic unless field mapping 
can be backed up with borehole or other subsurface data. 
For this reason, sections constructed in areas of complex 
thrust patterns often require preliminary assumptions of 
consistent thic:~ess of stratigraphic units in order to 
arrive at a 'constrained' value for the amount of local 
oroge~ic shortening. 
Problems and assum~tions involved with construction 
of balanced cross sections in the two study areas are 
discussed in the relevant sections. 
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THE KINLOCHEI'!E REGION OF THE MOINE T3RUST ZONE, 
N. W. SCOTLAND 
Frontispiece Beinn Eighe 
- 14 -
C HAP T E R 1 
REGIONAL GEOLOGY OF 'rIm XINLOCHE1"JE REGION 
1.1 REGIONAL STRA'rIGRA?HY 
(i) Precambrian 
The Preca~brian stratigraphy of the southern Moine 
'rhrust Zone consists of a basement of Lewisian gneiss 
overlain by a thick succession of Proterozoic sandstone 
(the Torridonian sandstone). This sequence comprises 
conglomeratic units, sandstones and shales and is sub-
divided into two groups, the older Stoer group and the 
younger Torridon group (Stewart, 1969). The Stoer group 
attains a ~aximum thickness of approximately 2 km and a 
ab/Sr whole rock isochron has yielded an age of 995 ± 24 m.y. 
(I1oorbath, 1969). The 'rorridon group consi st s of up to 
7 km of sandstone and shale which unconformably overlies 
the Stoer group. It is subdivided into 4 lithological 
units, a lower grey shale termed the Diabaig formation, 
which is overlain by the Applecross, Aultbea and Callaigh 
Head formations. 'l'he Applecross formation has yielded an 
Rb/Sr age of 810 ~ 17 m.y. (Moorbath, 1969). In the 
south of the Moine Thrust Zone on Skye and on the adjacent 
mainland thel'orridon group conformably overlies the Sleat 
group which consists of approximately 3500 m of grey sand-
stone and shale. 
In the Kinlochewe area, only a thin (approximately 
150 m) equivalent of the Diabaig formation is observed 
wi thin the thrust zone. In the foreland,. the Applecross 
formation (300-1200 m of sandstone and conglomerate) 
directly overlies the Lewisian gneiss and no equivalent of 
the Diabaig for~ation is observed. A fine grained sand-
stone and shale sequence "lhich occurs below the Applecross 
fornation within the Kinlochewe 'rhrust Sheet was mapped by 
the Geological Survey as an equivalent of the Diabaig 
formation. Restoration of the Kinlochewe Thrust Sheet to 
its pre-deformational position (see Section 2.3), illustrates 
- 15 -
that there must have been a minimum separation of approxi-
mately 25 km between the exposed Diabaig formation in the 
foreland and the equivalent facies n01tl exposed within the 
thrust belt. Therefore, altho~gh it is clear that local 
deposition of a shale dominated facies was a feature of 
lmver Torridon group sedimentation, it is unnecessary to 
label all shale sequences which occur in this position 
'Ivi thin the thrust zone as "Diabaig". The obvious feature 
of 10\ver Torridon group sedimentation is the immense 
variation in thickness of the shale/fine grained sandstone 
facies. The problems of correlation of the Sleat group 
with the Diabaig for~ation are discussed by Potts (1983). 
( ii) Cambrian 
The Cambrian succession of the Moine Thrust Zone 
comprises five major lithological units which are illus-
trated in Fig. 1.1. The Eriboll Sandstone consists of a 
sequence of quartzites which vary in thickness along the 
length of the zone, as was noted by Peach et ale (1907) 
during detailed mapping of the N. \-1. Highlands. Recent 
mapping of the Kinlochewe region by S.J. Mat thews has 
revealed a very gradual increase in thickness of the 
Eriboll sandstone along a present day \.Jl~ to ESE direction, 
fro~ a local thickness of 250 m in the foreland on 3einn 
~ighe (see Fig. 1.1) to approximately 300 m near to Loch 
Clair (see Fig. A). This 'down-dip' thickness increase, 
which is not due to tectonic thickening, is incorporated 
onto the restored cross section illustrated in Fig. 2.5. 
This thickness variation is not as marked as the increase 
observed on the foreland from approximately 130 m near to 
Lochan Fada in the N to approximately 250 m on Beinn Eighe 
in the S, an along strike distance of approximately 10 ~~. 
Peach et ale (1907) established that the Eriboll 3andstone 
is often thicker in the south of the Hoine Thrust Zone than 
it is in the north, but no published work has referred to 
stratigraphic thicknesses in the Kinlochewe area and the 
figure of 300 m quoted above suggests that the maximum 
development of Eriboll 3andstone may be observed within 
DURNESS 
LIHESTONE _ 
AN-T -SltOH £.11 ... 
PIPE ROC I( 
----~- - --
LOWER o.UARTZITE 
TORRIDONIAN 
SANDSTONE 
LEWISIAN 
GNEISS 
I ,.., 10011\ 
FIG. 1.1 Strati~raphy of the Kinlochewe region of the Moine Thrust Zone. 
.....:J. 
CY\ 
- 17 -
the thrust zone near to Kinlochevle, 
From the point of vievf of a study of thrust evolution, 
the original 3 dimensional geometry of the Eriboll 
Sandstone slab is extremely important. Assumptions con-
cerning the profile of thrust surfaces on restored cross 
sections relative to a horizontal datum plane at the time 
of defor~ation are necessary in order to build up an 
admissible balanced cross section. However, if bedding 
planes and/or boundaries between lithologies are substi-
tuted for the horizontal datum plane during balanced cross 
section construction, then the restored sections will 
illustrate a perfectly layer cake stratigraphy. 
The dimensions of the Eriboll 3andstone slab can best 
be estimated by careful renoval of the effects of duplica-
tion of stratigraphy as a result of thrusting. 'This 
process of constructing restored sections and hence 
eventually restored ma)s, reveals that in the northern 
110ine rrhrust Zone the Eriboll 3andstone had an original 
minimum extent, across present day strike, of 54 kID (Butler 
& Coward, in press). In the Kinlochewe region it is 
possible to demonstrate a corresponding minimum across 
strike width of approximately 20 km, a figure which involves 
projection of foreland outcrops of the Eriboll Sandstone 
into the plane of the cross section. Assuming that the 
minimum figure quoted by Butler &. COvrard is correct, then 
the minimum areal dimensions of the Eriboll Sandstone slab 
may have been approximately 200 k~ along present day strike 
and 54 km across present day strike. This is not thought 
to be problematic by Butler &. ·Joward (in press) who suggest 
a link betlveen the lack of terrestrial flora in the Lower 
Palaeozoic and the rate of peneplanation, and hence the 
facility of rapid production of a potential tidal shelf 
environment, given the required sea level rise. 
The Eriboll oandstone is subdivided into the LO'{ler 
r.,;;uartzite menbe:!:' and an overlying Pipe Rock mer.1ber. The 
boundary bet~~een the two is extremely difficult to define 
and in the field is designated as the level at "Thich pipes 
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(fossil 1.'lorm DurroVls) first become abundant. The Lower 
:,:uartzite is characterised by a basal con[;lomerate which 
represents a marine transgression across the underlying 
Lewisian Gneiss and Torridonian sandstone. The boundary 
bet'deen the Torridonian sandstone and the Lowe:::- ~uartzite 
is a planar unconformity and in several localities within 
the !-loine Thrust Zone the Lo,,,,er ~uartzite is unconformable 
across Torridonian sandstone onto Le',visian gneiss, 
revealing a "double-unconforni ty". The LOvler ~uartzite 
typically comprises approximately half of the Eriboll 
.Sandstone fornation. The exact age of the basal unit of 
the LOVIer ~uartzite is problenatic, and it is usual to 
label the \'lhole of the Eriboll Sandstone as Early Cambrian. 
The Pipe Rock member was subdivided into 5 zones by 
Peach et ale (1907) on the basis of characteristic types 
of pipe, based largely on the diameter of the fossil vJOrm 
burrow on bedding planes. The validity of this approach 
was challenged by Swett (1969), who expressed doubt as to 
the lateral continuity and correlatable value of the Pipe 
:g,ock zone s. Hovlever, Pipe Rock zones are very useful in 
identification of thrust units in the northern I'loine 
Thrust Zone (Parish, pers. com::n.). '1'wo types of pipe 
have been identified; these are the genus Skolithus and 
f·:onocraterion. Skoli thus typically occurs as a straight 
burrow, subperpendicular to bedding, varying in diameter 
from 3-15 rom and may be up to 1 m long. !,Ionocraterion is 
similar to Skolithus but differs in that it has a funnel 
or 'trumpet' appearance on a section normal to bedding. 
Swett (1969) considers that both types of burrow may have 
been formed by the same animal and that trumpet pipes are 
due to rapid upward movement of the animal after an influx 
of sediment into the burrow. Confident prediction of the 
position of an exoosure of Pipe Rock within the succession, 
based on the diameter of pipes, is difficult within the 
thrust zone of the Kinloche,.;e region. 3:owever, the 
t~~pet pipe level appears to be quite consistent within 
the area, and this is used to locate the position of the 
Lower ~uartzite at depth and the top of the Pipe Rock above. 
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The :2:riboll . 3andstone is conforr.lably overlain by 
the An t-Sron formation which consists of a lower unit 
of calcareous shale, the Fucoid 3eds, typically attaining 
a thickness of approximately 25 m and an upper unit of 
quartzite, the Salterella Grit (usually termed the 
Ser~ulite Grit), which has a development of approximately 
15 m. The Fucoid Beds yield the trilobite Olenellus in 
the Kinlochewe region (Peach et al., 1907), and the 
Serpulite Grit yields a small conical fossil now known as 
Salterella, originally termed 3eruulites, hence the popular 
name for this formation. 'l'hese fossils date the An t-6ron 
formation as late Early Caobrian (Bonnia - Olenellus zone). 
The An t-Sron formation is overlain by the Durness 
Linestone, 'It-lhich reaches a maximum. development in the 
Kinlochewe region of a~proximately 130 m near to Lochan 
Fada; the lowest unit of the Durness Limestone is the 
Ghrudaidh for~ation which also yields Salterella. No 
younger stratigraphy is exposed in the area, although in 
the north of the zone a thicker development of Durness 
Limestone reveals an Ordovician age for the upper~ost 
part of the forMation. 
1.2 REGIONAL STRUCTURE 
The structural units of the Kinlochewe region are 
illustrated in Fig. 1.2. Four distinct units can be 
identified; from W to E these are: 
1. Foreland (structurally lowest) 
2. Beinn Eighe Imbricate Fan 
3. Kinlochewe ~hrust Sheet 
4-. Hoine '1lhrust Sheet (structurally highest) 
The structure of the area is described by Peach et ale 
(1907); this description is based on the original mapping 
of the I'ioine 'rhrust Zone by the Geological .Survey which 
v-ras carried out beti.veen 1885 and 1895. Since then, no 
description directly concerned ~vi th the structure of the 
Kinloche\ve region has been published. 11cClay & em'lard 
(1981) provide a brief res~~e of the geometric relationships 
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between the Kinlochewe Thrust Sheet and the underlying 
imbricates, and Coward & Kim (1981) e~lain the orienta-
tion of fold axes within a part of the Kinlochewe Thr~st 
Sheet in terms of a differential movement model. Coward 
(1982) uses the fault geometry observed to the N of 
Kinlochewe to sugsest that the "Kinlochewe Fault tl is an 
extensional feature and that the tlKinlochewe Sheet" may 
be part of an extremely large "surge zone", similar to 
smaller examples from the Assynt area of the Moine IJ:hrust 
Zone. These points are examined in detail in Section 2.3. 
Previous structural work carried out in the Moine 
Thrust Zone to the south of the study area since the 
original Geological Survey mapping includes the unpublished 
Ph.D. theses of Johnson (1955), Kanungo (1956), Barber 
(1969) and Potts (1983). 
A brief iescription of the structure of the foreland 
is now given, the geometry and structural evolution of the 
Beinn Zighe Imbricate Fan and the Kinlochewe Thrust Sheet 
is the subject of Chapters 2 and 3. 
The geometry of the constituent units of the foreland 
immediately prior to Caledonian deforl!lation can be gauged 
from the remaining exposed foreland in the Kinlochewe 
region. 'J:he undulating unconformity between the Lewisian 
gneiss and overlying Torridonian sandstone is well illus-
trated in the north of the study area on Slioch (see Fig. A) 
where the Lewisian topographic surface was moulded to a 
local relief of at least 700 ID. Ten kilometres to the 
SSE, on Liatach (see Fig. A) the thickness of Torridonian 
sandstone is between 1000 and 1200 m in a region where the 
Le\·lisian topography is less undulating and of lower relief. 
The dominant control on local thickness variation within 
the Torridonian sandstone is therefore the 3 dimensional 
geometry of the Lewisian topography. 
Late Precambrian folds are well developed throughout 
the region and have been recognised along the length of the 
foreland imnediately beneath the 110ine Thrust Zone (Peach 
et al.,1907; Souer & Barber, 1979). Typically these are 
N 
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open structures with wavelengths of approximately 5-7 k~ 
in the Kinlochewe region (Fig. 1.3), which is a slightly 
lower value than the 50 km wavelength described by I'-1cJlay 
and Cmvard (1981) for similar structures in the Assynt 
region of the i'1oine Thrust Zone. The resulting uncon-
for~ity between the Torridonian sandstone and the over-
lying Cambrian quartzites rarely exceeds 10° (Fig. 1.4). 
This angular unconformity is not usually detectable within 
the thrust zone unless the unconformity itself is clearly 
exposed. Therefore in order to assist construction of 
balanced cross sections, reference lines within the 
Torridonian sandstone are drawn parallel to the sub-
Cambrian unconformity, they are not intended to represent 
bedding planes. 
l'he Cambrian succession of the foreland immediately 
belm., the regional floor thrust dips at a 1m., angle towards 
the ESE. Usually this foreland tilt is quoted as approxi-
mately 10° and is thought to be a post-thrusting, possibly 
Mesozoic structure (Elliott & Johnson, 1980). 
The continuation of the foreland tilt beneath the 
Moine Thrust Zone cannot be proved ... !ithout subsurface data. 
Bala~ced cross sections "'Thich have been constructed across 
the zone usually involve an assumption that during thrust-
ing, the floor thrust does not cut dm'ffi section belo"" a 
horizontal datum nlane in the direction of ~ovement. This 
assumption results in the whole thrust zone showinr a 
similar tilt to the foreland. This idea is suppo~ted for 
the Kinlochewe region in Section 2.2, and is also clear from 
the balanced cross sections constructed for the northern 
part of the Moine 'rhrust Zone (Elliott &- Johnson, 1980; 
Butler, in press). 
The Cambrian sequence of the foreland in the 
Kinlochewe region dips gently towards the 1~1W approximately 
6 km west of the regional floor thrust (Peach et al., 1907) 
- see Fig. 1.5. This may suggest a low angle flexure 
immediately in front of the developing thrust belt. 
However, in this area several regionally significant high 
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angle normal faults offset the foreland stratigraphy, and 
these may be associated with regional post-thrusting 
extension and hence warping and tilting of the foreland 
and thrust zone. The major normal faults recognised by 
the Geological Survey are illustrated in Fig. 1.2. 
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C HAP T E R 2 
THRUS'l' SHEET GEOI"IET:RY IN THE KINLOCHEUE REGION 
This chapter describes the 3 dimensional structure of 
the 3einn Ei~he I~bricate Fan and the overlyinF Kinlochewe 
Thrust Sheet. For ease of description the study area has 
been subdivided into 5 sub-areas. These are; 
1. Sgurr Dubh 
2. Beinn Eighe 
3. Meall a'Ghiubias 
4. Lochan Fada - Kinlochewe 
5. Dundonnell. 
These sub-areas are illustrated in Fig. 2.1. Throughout 
this chapter it is useful to consult the maps enclosed in 
the back-pocket of this thesis. 
FIG. 2.1 
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2.1 GEOIZTRY OF TR8 3:snW ~GHE I~BEICA':::E FAN 
(i) Ivlovement direction of thrust sheets 
'rhe most useful direction of cross section construc-
tion is narallel to the movement direction of the thrust 
sheets as this allows the amount of shortening to be 
measured directly from the cross section. Elliott and 
Johnson (1980) suggest use of the procedure of finding the 
mean great circle through bedding normals on a stereogram 
and constructing the plane of cross section parallel to this 
mean great circle. This will inevitably produce a section 
a~proximately ~erpendicular to local strike but this is not 
necessarily parallel to the movement direction of thrust 
sheets within that area. The accretion of large horses 
which vary in thickness alonr-; strike will produce oblique 
flexures in the hangingwall and hence may suggest an 
incorrect ~ovement direction. 
Assuming foreland-directed thrusting is a~plicable to 
the Moine '1:hrust Zone, the structurally lowest imbricates 
will show least reorientation and therefore will be a better 
guide to the movement direction. Butler (1983) uses the 
orientation of thrust surfaces to deduce the ~ovement 
direction of thrust sheets in the Mont Blanc re~ion of the 
French Alps, where he has identified perfectly lateral ramps 
which strike parallel to the movement direction. 
In the Kinlochewe region the most southerly imbricates 
show the effect of reorientation of strike as a result of 
the accretion of,thicker imbricate slices, but the lowest 
imbricate slices within this part of the study area suggest 
a movement direction towards the \.Jl'fvl (290 0 ). This is in 
agreement with the \m~{ movement direction deduced by Butler 
(1982a) for the region to the south of Loch Eriboll. 
Balanced cross sections have therefore been constructed in 
a \lr:~vJ to ESE direction. The poles to bedding from the 
foreland and imbricates within each of the 5 sub-areas are 
illustrated on contoured stereorrams in Fig. 2.2. This 
illustrates quite clearly the danger of invoking a movement 
direction perpendicular to local strike. 
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(ii) 3alanced cross sections and tectonic shortening 
Four balanced cross sections are presented. One 
section has been constructed across each sub-
Area to exa~ine variations in cross sectional geometry and 
shortening from S to N. The lines of section are illus-
trated in Fig. 2.3. Each cross section shows the effect 
of the foreland tilt as the floor thrust dius at between 
8° and 15° towards the ESE. Shortening estimates are 
minimum values based on exposed imbricates between the 
foreland and the Kinlochewe Thrust. 
FIG. 2.3 
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I.F. (Imbricate Fan). 
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Balanced cross section 1 
Liatach (j.TG 91305765) to Loch Coulin (NH 01505520) 
This balanced cross section is illustrated in Fi~. 2.4. 
In the E of this section the immediate footwall to the 
Kinlochewe Thrus:: is in Fucoid Beds • The Kinloche',ve Thrust 
Sheet and the uyper part of the underlying du~lex have been 
removed by erosion to expose the Sgurr Dubh imbricates. 
From outcrop data along this section line it is not possible 
to predict the stratigraphic level of the footwall to the 
Kinlochewe 'Thrust above present day ground level. This is 
the case for most of the study area except in the region of 
Meall a'Ghiubias where the footwall to the Kinlochewe Thrust 
in the foreland is in Fucoid Beds. 'The implications of 
subtle changes in the footwall level are examined in Section 
2.3, but for the purpose of determining shortening within 
the i~bricates it is assumed on the balanced cross sections 
that the "glide horizon!! or footwall to the Kinlochewe 
'Thrust is consistently in Fucoid Beds. 
'rhe !Ilaximum stratigraphic range observed within any 
i:nbricate slice is approximately 900 m ofrorridonian and 
~riboll Sandstone. It has been assumed that the strati-
graphy above the sub-Cambrian unconfor:nity was subhorizontal 
prior to defor:nation and that the floor thrust to the imbri-
cates does not cut down stratigraphic section on the restored 
cross section. Therefore as approximately 600 m of 
Torridonian sandstone is exposed within one horse, this is 
the r:linimum depth of the floor thrust below the sub-Garabrian 
unconfor~ity. Gareful balancing of the section suggests a 
floor thrust level that cuts gradually up section from a 
denth of 850 m to 700 m below the sub-Ca:nbrian unconformity 
over a horizontal distance of 10.5 km, an avera~e floor 
thrust climb of less than 10. 'rhe exposed imbricate fan 
restores to an across strike width of 12.8 k~ from the IIpin-
line" denoted by X on the cross sections. The present dist-
ance between points AI and 3' on the balanced cross section 
is 5.47 km IfJhich indicates a shortening of approximately 
7.33 krn or 57.3~.;. I'he internal defor"lation within the imbri-
cate fan is small (see Cha'iter 3) and the duplex areas on 
the bala:lced and restored cross sections are equal. 
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Balanced cross section 2 
Beinn Eighe eNG 94806000) to .A I Ghairbhe (rm 00505800) 
This section is illustrated in Fif. 2.5. Fucoid 
Beds form the footwall to the Kinlochewe Thrust in the E 
of this section and are exposed within the foreland 
immediately below the structurally lowest imbricate thrust 
on Beinn Zighe. Therefore the Kinlochewe Thrust does not 
cut down stratigraphic section in an ESE to 1Jl\)\o[ direction 
along this section line, and it is assumed that the foot-
wall level is in Fucoid Beds. 'I'he floor thrust level is 
900 m below the sub-Cambrian unconfor~ity in the E and 
cuts up 300 m over a horizontal distance of 9 kID, an 
average cli~b of approxinately 2°. The present day 
distance between points AI and BI on the restored section 
is 4.21 kID, measured parallel to the floor thrust, which 
shows the local regional tilt of approximately 12°. The 
restored distance between points A and B is 9.17 k:n, 
indicating a shortening within the Beinn Eighe imbricates 
along this section line of 4.96 km or 547L. 'rhe cross 
sectional areas on the balanced and restored cross sections 
are equal. The thickness of Eriboll 3andstone increases 
from ~~l to ESE on this section line from 250 m to 300 m 
over a horizontal distance of 12 km. 
Fig 2.5 
- 1500m 
-- 1000m 
-- 500m 
--Sea Level 
1km 
- 33 -
WNW 
X 
-----
X 
!---
A 
\ 
ESE 
BEJNN EIGHE BALANCED CROSS SECTION 
t10INE THRUST SHEET 
~fened 
----::. ~ distar.ce ~ --.:.!..::. -.i: to B' 
--
------
--
.id!km 
-
--
RESTORED CROSS SECTION 
Restored distance~-,-,A:........:to B := 9.17 km 
q 
KEY 
D Fucoid Beds 
D Pipe Rock 
D Lower Quartzite 
CJ Torridonian Sandstone 
CJ Lewisian Gneiss 
1ha sfwch...). .;J;;.!~ p,,~.I..,,-fJws 
(,Io>,- .. u;..... ;< s.""e,£ "" ~ "'j~ .:.+"-11.... 
P"-~ I:¥°~'''rt''< Ivd -.d.. ..., $ .. ,w't-"....J--
I...l-J ,""" -sed:;:." ""'SM~ ~'/.."~s. 7l.e 
"SSJ~S ..JI.,;u. ....... "Vi,..J. It> ~a.. b<.i ... 
C'OSI-se~' ""><. o~ ... h<J IC,rI,I'l.. 
AAJ. {Q,..J.. I'/Sw"1n-s ..... l..oS<.tM,fc{ "" -h.;s 
s~ 'f- -rz.. k.r<f. 
Shortening within Beinn Eighe imbricates = 917- 4.21 = 4.96 km 
Cross sectional area of 
Cross sectional area of 
B 
duplex 
restored 
( as drawn, between 
p 8- q) 
duplex := 8.3 km 2 
or 54% 
thrusts 
= 8.3 km 2 
( Kinlochewe Thrust Sheet is not restored ) 
p 
- 34- -
Balanced cross section 3 
Neall a'Ghiubias (NG 96506350) to Cathair Ruadh (NH 01806260) 
This section is illustrated in Fi~. 2.6. The 
footwall to the Kinlochewe Thrust in the E of this 
section is in Pipe Rock and in the foreland it is in Fucoid 
Beds. The Kinloche\toJe"I1hrust therefore cuts up strati-
gra~hic section in the direction of movement. The floor 
thrust to the inbricates is 300 r.l belo'lll the sub-Ca:-:1brian 
unconformity in the E of the section and climbs to 150 m 
below the sub-Cambrian unconformity over a horizontal 
distance of 5.3 km, an average climb of approximately 1.5°. 
The present distance between points A' and B' on the 
balanced cross section is 3.28 kill and the restored distance 
between A and B is 6.03 km, a shortening of 2.75 km or 
4-5.676. The exposure along this section line between 
om 00806320) and (UR 00206330) is extremely poor and the 
predicted thrust geometry is illustrated on the balanced 
cross section. 
- 35 -
--1500m WNW 
--1000m 
--500 m 
--Sea Level 
1km 
- - - --
KEY 
0 Fucold Beds 
0 PIpe Rock 
0 Lower Quartzite 
0 Torrldoman Sandstone 
0 Lewlslan GneIss 
BALANCED CROSS SECTION 
ESE 
x Leathad BUldhe 
Meall a' GhlUbhals 
--~ 
I-- _ 
2ho!:!ened 
-- to B' 
---...:::.. 
-:.. 3..?.8 km 
-
Restored Kmlochewe Thrust Sheet (horse 2) 
--
-
--=--\ 
""" 
thIs 
Mmlmum shortenmg m the footwall 
, 
thrust geometry suggests 
propagatJon 
thrust 
through 
------~ 
-------. 
a preVIously 
folded sequence 
to the Mome Thrust = 2.75.+6.03 + 6.03 = 14.81 km 
x 
I 
I 
RESTORED CROSS SECTION IN THE FOOTWALL TO THE KINLOCHEWE THRUST 
1- Restored_-=cd:.:;lstance A to B = 6.03km 
A 
-- -- - - -- -- -- -- -- -- -- -- -- -- -- -- --
__ ---l 
-- -- -- ----I Shortemng wdhm Leathad BUldhe 
~~~~ __ ~~B~ ______ __ Imbrlca tes IS 6.03 - 3.28 = 2.75 km 
Restored Kmlochewe Thrust Sheet ( horse 1 ) 
or 456% 
-n... 5 Ih."""-< ~f.v..c:-. . 1' .... Jr J. "'" -110 is 
""" - St..h.<m il I.au./. M ~J. "r.."...,.,f-Cm DIk-
-fN.. p,fjL,J: tot'"...",,,- ~ W .., ~_,,.t-
W .... ....J.. '"'''- u"'- t.<M,fw';';'" k';'~"t."S. 
1l-L ~s>J~s ~ "" "V;"A *' ''''tl ..... 
~,.;.,...~ _!S-$<~ ........ ~/.. "" ("'Jet 
/(),tI,,'l. ~ I •• "'{ .. ~",...,.+kml _ Nf~ .;... 
-n..;.. s& "t ~ /<-,1:. 
--- --- -- ---..._ ......... 
____ __ / typical LewJSJan/ 
~---- ----... / 
-=:::::::-=- _ __ ....... ..._=__.,..___ ---::;,......./_ 7"""------ TorT/donlan unconformIty 
/" -------....---/ . - 7 7 
_- - 7-7_ 7 _ 7 
profile 
--
- 36 -
Balanced cross section 4 
Loch f1aree (NH 01006450) to Height s of Kinlochei'ie 
(NH 05806280) 
This section is illustrated in Fig. 2.7. The foot-
wall to the Kinlochewe Thrust along this section line 
becomes progressively older from ESE to WNW, from Durness 
Limestone to the top of the Pipe Rock formation. The 
KinlocheweThrust therefore cuts down stratigraphic 
sequence along this section line. The implications of 
this geometry are discussed in Section 2.3. Two floor 
thrust levels are apparent from the balanced cross section, 
the lowest floor thrust cuts UD stratigraphic section from 
250 m to 100 m below the sub-Cambrian unconformity over a 
distance of 3.7 km, an average cli~b of 2.3°. The upper 
floor thrust level has develoned near to the top of the 
Pipe ~ock formation and encloses a separate, smaller 
imbricate system of Pipe Rock, Fucoid Beds, Serpulite Grit 
and Durness Limestone. 'l'he present distance between A' and 
B' on the balanced cross section is 2.1 km; removal of the 
shortening within both imbricate systems provides a res-
tored distance between A and B of 6.2 km, a shortening of 
4.1 km or 667~. 
Cross sections constructed along similar section 
lines to those used here were presented by Peach ~ ale 
(1907), and these are illustrated in Figs. 2.8, 2.9, 2.10 
and 2.11. Restored versions have been drawn based on 
projection of the Cambrian quartzites, to provide an 
estimate of the shortening implied by these ori~inal cross 
sections. 
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(iii) Implications of shortening estimates 
'rhe initial conclusion that may be drawn from the 
minimum shortening estimates derived in Section 2.1 (ii) is 
that the Beinn ~ighe Imbricate Fan shows evidence of 
differential shortening along strike, and therefore this 
may have resulted in differential movement within indi-
vidual horses. 
The tendency of displacement to be transferred alonE 
strike onto new thrust; surfaces is nOvl examined with 
reference to Fi~. 2.12. 
FIG. 2.12 
N 95 00 
t 
POINT Z 
60 - 60 
-~ 
~ 
~ 
-~ -1. ~ 
POINT 1 
-
_ SGURR 
-
55 
OUBH - -.1 5 
2km 00 
Sketch of the structurally lowest imbricate 
thrusts which outcrop on section lines 1 
and 2. Displacements are indicated in the 
hangingwall to the thrusts. (Displacements in metresl. 
The displacement of thrust 2 on balanced cross section 1, 
Fig. 2.4, is approxi~ately 1880 m and on balanced cross 
section 2, Fig. 2.5, the displacement of the same thrust is 
a~proxinately 550 rn, therefore there is an apparent differ-
ential displacement of 1330 m along one thrust surface. 
However, between section lines 1 and 2, a lower splay 
branch~s off this higher imbricate thrust, branch point 1, 
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Fig. 2.12. '".rhe displacement of this lower splay on 
section line 2 is approximately 770 m, givin~ a combined 
displacement of 1320 m on a part of section line 2 as 
opposed to 1880 m on an equivalent part of section line 1. 
The structurally lowest thrust on section line 1 shows a 
displacement of approximately 1000 m and the sarne thrust 
on section line 2 shows a displacement of approximately 
775 m, thereby increasing the apparent differential dis-
placement between the two section lines to 785 ~ (2880 m -
2095 m). This structurally lowest outcroppinf imbricate 
thrust branches off the overlying thrust at branch point 2, 
Fig. 2.12, to the north of section line 2; however, the 
observed displacement of 1000 m on this thrust on section 
line 1 is not conserved along strike towards the NNE. 
Therefore if a thrust surface is observed to branch 
into 2 separate thrust surfaces, it does not necessarily 
follow that total displacement is conserved alon~ strike. 
A simplification of the real exa~ple quoted above ~ight 
state that if a thrust (A) showing displacement (X) branches 
some distance along strike into thrusts (A') and (A") then 
the combined displacement on surfaces (A') and (A") need not 
be equivalent to (X). Therefore an assumption of con-
servation of displacement along strike in thrust belts is 
not valid. 'rhis idea is not at all ne\,l; Coward & Kim 
(1981) describe strains within the Moine Thrust Zone at 
Assynt which are believed to have developed from differ-
ential movements within the thrust zone. 
It is clear that thrust surfaces splay off each other 
and the implication of differential shortening is that there 
must be differential movement of horses within imbricate 
systems. As demonstrated in the above example, some of the 
differential displacement observed on one thr'~st surface can 
be accounted for by a lower splay branching off that thrust 
surface along strike. Assuming that an imbricate system 
evolves as a foreland directed se~uence then it can be 
suggested that any extra displacement observed along strike 
within the imbricate fan is accounted for by an equivalent 
amount of compensating displacement on the higher thrust 
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surface, in this case the Kinlochewe Thrust. In an ideal 
duplex syste~ (Boyer & Elliott, 1982, p.1208) structurally 
higher horses are carried piggy-back as each developing 
im.bricate thrust moves along the floor thrust surface. 
The hangingwall to the duplex, in this case the Kinlochewe 
Thrust Sheet, is also carried piggy-back. ':rherefore the 
differential shortening occurring within a developing 
duplex must be reflected by differential movement strains 
within the horses and also within the overlying thrust 
sheet. It has been demonstrated that it is an over-
simplification to 'add' displacements and assume that all 
displacement is transferred along strike within an 
imbricate system. It is also an oversimplification to 
assume that the 'missing' displacement necessary for con-
sistent along stri~e shortening can be transferred from 
within an imbricate system up onto the roof thrust, which 
would typically be a regionally signi:icant major thrust. 
Evidence of differential ~ovement within the 3einn 
Eighe Imbricate Fan is dealt with in Chauter 3, and oblique 
folds within the Kinlochewe Thrust Sheet are discussed in 
terms of a differential movement model in Section 2.3. 
Differential movement within a thrust sheet is dependent 
on variableiisplacement on thrust surfaces. :rhe influ-
ence of the dimensions of horses, and hence the level of 
the floor thrust, on the displacement is now examined. 
(iv) Horse dimensions, displacement and ramp angles 
The influe~ce of the size of a horse on displacement 
on the underlying thrust surface is nm'l examined on balanced 
cross sections 1, 2 and 3. The thickness.of each horse in 
its central portion (T) has been measured and then multi-
plied by the ramp length (R) to give an approximate cross 
sectional area for the horse. This value is then compared 
with the displacenent CD) on the underlying thrust. 'rhe 
values obtained from direct measurement off the balanced 
cross sections a~e illustrated in Table 2.1. These values 
have been plotted graphically and the graphs are illustrated 
in Fig. 2.13. 
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3GURR DUBH 
Horse Thickness Ramp length R.T. Displacement (T) (R) CD) 
1 0.53 3.67 1.94- 1.00 
2 1.13 4-.89 5.54- 1.88 
3 0.18 4-.78 0.85 0.98 
4- 0.07 2.00 0.13 0.44-
5 0.07 1.67 0.12 0.11 
6 0.27 3.78 1.01 0.78 
7 0.22 2.89 0.64- 0.09 
8 0.09 3.11 0.28 0.18 
9 0.29 2.22 0.64 0.22 
10 0.27 4-.89 1.31 1.00 
11 0.22 2.89 0.64 0.31 
12 0.38 4.00 1.51 0.04 
N.B. The thrusts which underly horses 7 and 9 are blind 
thrusts, see Sgurr Dubh balanced cross section, 
Fig. 2.7. 
BEINl~ EI GHZ 
Horse Thickness Ramp length R.T. Displacement (T) (R) (D) 
1 0.09 2.11 0.19 0.78 
2 0.51 3.89 1.99 0.77 
3 0.98 2.67 2.60 0.55 
4 0.13 2.67 0.35 0.47 
5 0.31 2.67 0.83 0.89 
6 0.31 3.56 1.11 0.44-
7 0.31 3.44- . 1.07 0.27 
8 0.53 3.33 1.78 0.09 
9 0.26 3.22 0.86 o .L~2 
~lliALL A'GRIUBIAS 
Horse Thickness Ra"!lp length R.T. Displacement (T) (R) (D) 
1 0.08 1.67 0.15 0.67 
2 0.11 1.44 0.16 0.07 
3 0.11 1.66 0.18 0.18 
4 0.11 2.04 0.23 0.38 
5 0.09 1.89 0.17 0.20 
6 0.13 1.89 0.25 0.20 
TA3LE 2.1 Horse dimensions and displacement on imbricate 
thrusts for balanced cross sections 1, 2 and 3. 2 All measurements are k~ except R.T. which is km 
FIG. 2.13 
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It is clear from these graphs that there is no 
simple relationship between the cross sectional area of a 
horse and displacement on the underlying thrust. Dis-
placements of bet'ween 0.75 km and 2 kIn on the Sgurr Dubh 
cross section occur on 5 thrust surfaces which carry 5 of 
the largest 6 horses within this part of the inbricate fan. 
Therefore there is a tendency for horses with large cross 
sectional areas also to show the largest displacements. 
On the Beinn Eighe and Meall a'Ghiubias cross sections the 
relationship between cross sectional area and displacement 
is less clear and the graphs of CRT) against CD) do not 
suggest any direct link between cross sectional area of a 
horse and displace~ent. This may be expected as the 3einn 
Eighe Imbricate Fan represents the frontal imbricate zone 
to much larger overlying thrust sheets. The variation in 
size of horses within the imbricate zone relative to the now 
eroded, overlying thrust sheets is likely to have been 
insignificant and therefore no simple relationship of thrust 
displacement to horse size need be expected. 
However, the graphs of Fig. 2.13 are useful. They 
indicate that maxim~ displacements are greater on the 
Sgurr Dubh cross section than on the Beinn Eighe cross 
section, and similarly are greater on the 3einn Eighe cross 
section than on the Meall a'Ghiubias cross section. 
Imbricate thrusts which develop from the deeper level floor 
thrusts show slightly greater displacements than imbricate 
thrusts which develop off the shallow floor thrusts. The 
amount of differential movement within an imbricate fan may be 
partially controlled by the level of the floor thrust. 
This approach is simplistic. No attenpt has been 
made to incorporate varia~le rates of thrust plane propaga-
tion as a method of producing differential movement of a 
horse. The above examples assume the presence of a thrust 
plane beneath the horse prior to movement. It is regu-
larly observed within thrust belts that folds for~ above 
thrust tips when thrust plane development ceases; excellent 
examples of folds within horses occur in the Kinlochewe 
re~ion and these are described in Section 2.2. 
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Boyer and Elliott (19032) draw attention to duplex 
dimensions and the angle between bedding and imbricate 
thrusts in the central portion of a horse; this angle is 
iI'hese authors found that by comparing the the ramo angle. 
, 
contraction ratio, the ratio of current duplex length to 
its restored length, with the approximate angle of the cen-
tral portion of a subsidiary thrust to the floor thrust, an 
inverse relationship was apparent. Table 1 of Boyer & 
Zlliott (1g82, p.1202) is modified below in Table 2.2 to 
include the contraction ratio (L'/LO) and the ramp angles 
from the 4 balanced cross sections from the Kinlochewe 
region. Also included in this table is the number of 
horses within the duplex. Inevitably many minor horses 
occur with~n imbricate fans and this table does not take 
account of these. Boyer and Elliott suggest in this table 
that the number of horses that significantly contribute to 
the geonetry of the Foinaven duplex in the northern l"Ioine 
''I'hrust Zone is anproximately 34. Recent rem.apping of an 
adjacent area (Butler, pers. comm.) suggests that the 
number of horses is "probably nearer 200". 
DUPLEX CONTRACTION NO. OF RATIO HORSES 
1. Foinaven (Moine'I'hrust Zone) 0.29 34 
21 2. Window's duplex (southern Appalacians) 
3. Beinn 
Beinn 
Beinn 
Beinn 
Eighe (section 4) 
Zighe (section 1) 
Zighe (section 2) 
Eighe (section 3) 
4. Le\vis ''I'hrust (floor of 
duplex), 
North A~erican Cordillera 
Chief Hountain 
I1t. Cran1ell 
Cate Creek 
Haig Brook 
5. Central Appalachian 
Valley and Ridge 
6. Idealised model Dunlex 
constructed with kink 
folds 
0.36 
0.33 
0.42 
0.46 
0.54 
0.57 
0.58 
0.6 
0.54 
0.50 
( 3) 
12 
9 
11 
2 
6 
2 
12 
4 
RAI1P 
A.::rGLE 
23° 
33° 
31° 
27° 
33° 
30° 
TA3LE 2.2 ''I'able 1 of Boyer & Elliott (1982, p.1202), 
modified to include data from the Kinlochewe 
Region. 
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The implication of Boyer and Elliott (1982, p.1207) 
is that duplexes with higher ra.,'TIp angles may show a lower 
contraction ratio and hence a higher 5c shortening.rhe 
statistics from the Kinlochewe region do not support this 
simple relationship. This presents a similar problem to 
the question of relating horse size to displacement. The 
scale of duplexes within different thrust belts is 
obviously highly variable, the driving mechanisms which 
induce movement of thrust sheets will also differ bet~ .. leen 
thrust belts and therefore any direct comparison using the 
above a?proach for imbricate zones from different thrust 
belts cannot be conclusive. 
The cross sectional profile of a ramp is important 
when considering the deforl:1ation in the hangingl'rall as the 
over,yling thrust sheet slips along the thrust surface. 
Accurate ramp angle measurements are given belo\-, for the 
3gurr Dubh balanced cross section. Two measure:nents have 
been made from each ramp, one within the Eriboll sandstone 
and a second within the Torridonian sandstone; the results 
are given in Table 2.3. 
RAl1P AiTGLE IN A1~GLt,; IN ~:RIoOLL SA,-lDSTONE r:'OI~_IDONI.tG~ 3AlIDSTmTE 
~o2 ~O) 
1 (west) 19 16 
2 12 12 
3 16 15 
4 16 16 
5 16 16 
6 16 16 
7 20 20 
8 22 16 
9 22 17 
10 30 17 
11 23 18 
12 21 19 
13 22 18 
14 (east) 
.?L 18 
-
AVEF.AGE 19.8 16.7 
TA3LE 2.3 Ramp angles from the Beinn Eighe Inbricate 
Fan on balanced cross section 1 
(Sgurr Dubh). 
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The ramp angle figures suggest that on the scale of the 
imbricate fan each thrust develops as a slightly unwards 
concave fault (listric shaped). 'rhrust surfaces are usually 
assumed to follow a staircase trajectory in response to 
development through different lithologies.rhe extent to 
which imbricate thrusts within the Kinlochewe re~ion follow a 
staircase trajectory has been examined by construction of 
simple structure contours on thrust surfaces which locally 
show 900 m relief. One example of this is illustrated below 
in Fig. 2.14. This diagram demonstrates the smooth thrust 
profile when examined on the scale of the imbricate fan. 
FIG. 2.14 
I 
\ / CONTOUR MAP 
\ ./ 
-- (BEINN EIGHE) 
it ~ SECTION LINE 
THRUST 3/ THRUST 2 BRANCH POINT 
500m 
---
CROSS SECTION 
~ RAMP ANGLE IN JiRI80ll 
SANDSTONE = 20° 
_iDom 
- SEA LEVEL 
THRUST 3 / THRUST 2 8RANCH LINE 
Structure contour map of the 3 structurally 
lowest imbricate thrusts on Beinn Eighe, 
illustrating the listric profile. 
(Heights ar~ in metres). 
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(v) Lateral continuity of horses 
'rhe 2 dimensional geometry of the Beinn Eighe 
Imbricate Fan is illustrated on the balanced cross sections 
and the dimensions of horses in the plane of section are 
described in Section 2.2~v). The dimensions of horses 
perpendicular to this direction, along present day strike, 
are now eX8..llined. The lateral continuity of horses is more 
easily determined than the 'do~m-dip' continuity, simply by 
study of the geological map. This descri,tion of along 
strike continuity is augmented by longitudinal sections to 
illustrate the 2 dimensional geometry perpendicular to the 
movement direction. 
The minimum along strike continuity of individual 
horses is presented in Table 2.4, which is based on 
measurement of the lengths of thrusts between branch points, 
the minimum along strike length of a horse is therefore the 
length of the footwall thrust. The horses are numbered and 
illustrated in Fig. 2.15; only the 2 southernmost sub-
areas are exa~ined in this section, and only the major horses 
have been measured. 
Horse 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
TA3LS 2.4 
MaD lenR'th of 
footwall thrust 
3.75 
5.60 
4.12 
1.83 
2.04 
1.74 
1.90 
2.33 
2.25 
7.30 
1.41 
5.12 
5.23 
2.31 
4.85 
2.71 
1.21 
Probable map len~th 
of horse 
17.0 
6.7 
16.1 
2.1 
6.1 
11.1 
2.0 
I'Iinimum map lengths of horses as measured from 
field maps by this author, and probable map 
len~ths based on Geological Survey maps. 
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The i mbricates exposed in the "half- window!! to the N of 
Ki nlochewe have an unsuitaole 3 dimensional geometry for 
accurate measurements to be made . The probable map 
l engths of horses to the S of the study area are also 
i ncluded in the table , based on examination of Geological 
Survey maDS . All measurements are in kilometres . 
99 00 
61 FORELAND Ikm 
FIG. 2 . 15 
96 
\ I 
I \ 
lZ. 11 
Map of the Beinn Eighe Imbricate Fan in 
sub- areas 1 and 2 . ( See ma in maps for key) 
N 
6 
5 
58 
57 
56 
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It is nm-r possible to deter"'line the 3 di:lensional 
shape of individual horses by combining the data in Table 
2.1 with that in Ta'Jle 2.4. The horses in Table 2.1 are 
numbered according to their structural position on the 
relevant balanced cross section, the structurally lowest 
horse bein~ denoted as horse 1, therefore different horses 
may be denoted by the same number on different cross 
section lines. 
In Table 2.4 the horses are again numbered on the 
basis of structurally lowest horses having a lower number -
see Fig. 2.15 for horse identification. The along strike 
length of horses to the south of the study area has been 
determined for the structurally lowest horses by measurement 
froI!! Geological Survey maps. l'he structurally higher 
horses are not so well defined on the Survey maps and 
therefore no constrained along strike horse length can be 
presented. The cross - sections of Section 2.1(ii) show 
that the footwall thrust to a horse cuts up stratigraphic 
section laterally to produce oblique ramps that appear 
lateral on long-i tudinal sections. This at on~ - 5 trik e shape change 
IS c ear from 
the si~ple measurements given below in Table .5. 
Horse 
1 
2 
Along strike 
length 
17.0 
6.7 
16.1 
'Thickness 
0.53 
0.09 
0.51 
1.13 
0.98 
( measured 
Ramp len~th fJarallel to 
movement d ir ec t i on) 
3.67 (GKurr Dubh) 
2.11 (3einn Sighe) 
3.89 (3einn Eighe) 
4.89 (Sgurr Dubh) 
2.67 (Beinn Sighe) 
TldLE 2.5 Three dimensional measurements of the 3 struc-
turally lowest horses in the Sgurr Dubh and 
3einn Eighe sub-areas. 
All measurements are in kilometres. 
In the case of horse 1 it is clear that there is a 
marked thickness decrease from S to N, from approximately 
0.53 km on the S~rr Dubh cross section to 0.09 km on the 
Beinn Zighe cross section; similarly in the case of horse 2 
there is a decrease from 1.13 k~ on the S?urr Jubh cross 
section to 0.98 km on the 3einn Eighe cross section. These 
figures suggest an approximate angle of upward tapering of 
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the horse from 3 to n of between 2.5° and 8°. It is 
i~portant to note that the co~parative measurements of horse 
thickness ar~ not made on a section line perpendicular to 
the movement direction, therefore the approxi~ate lateral 
tapering angles cannot be used as approximate lateral ra~p 
angles. However, it is obvious that the lateral/oblique 
ra~p angles are low as the thrust surfaces cut up section 
fro~ S to N, proba~ly between 2° and 10°. 
Using th~ data presented in Table 2.5, it is now 
possible to construct a 3 di~ensional restoration of the 3 
structurally lowest horses which also gives a useful visual 
imnression of the actual 3 dimensional geometry of a horse, 
Fig. 2.16. It is assumed for si~plicity that the level of 
the floor thrust is approxi~ately constant to the south of 
the study area. This is a large oversimplification; 
however, there is little doubt that the floor thrust lies 
at least 500 ill below the su~-Cambrian unconfor~ity over the 
bulk of this area (P. Nell, pers. com::!.). 
FIG. 2.16 
NNE BEINN "GH' 
I~SGU" DUIH I CIOU 
ESE 
I 
I 
I 
TOUIOONIAN \ANDSTO" 
5km 
LEWISIA.. NEISS 
.... e:UICAL ANO HORllONTAl SCAUS EQUAL 
Three dimensional restoration of the 3 struc-
turally lmvest horses in the 3gurr Dubh and 
Beinn Eighe sub-areas. 
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To the S3\{ of the area represented on this 3 dimen-
sional illustration, in the Kishorn region, the floor 
thrust cuts up section towards the S in similar style to 
the inferred tapering in the Beinn Eighe region. This 
suggests that the larger frontal horses have approximate 
length: width: thickness ratios of 19 : 3 : 0.5 and 
19 : 4.5 : 1.2, where the width of a horse is the hori-
zontal distance between footwall and hangingwall thrusts 
on a restored cross section. These ratios suggest that 
for the horses within the structurally lower imbricates 
between Loch Carron in the S and Loch Maree in the N, the 
thickness is approximately 15-2~o of the width which is 
approximately 15-2~o of the length. 
Only a small portion of the length of the structurally 
higher horses has been encountered in the study area. It 
is clear from the balanced cross sections that the dimen-
sions of these structurally higher horses arE? very similar to 
those observed for the lower horses in a plane sub~arallel 
to the movement direction. It is therefore probable that 
these higher horses have similar length : width : thickness 
ratios to the lower horses. Recent fieldwork has been 
carried out to the south of ~he study area (F. Nell, pers. 
corom.); results from this may confirm the above suggestion. 
The 2 dimensional geometry on section lines perpen-
dicular to the movement direction are illustrated in Fig. 
2.17, r1eall a'Ghiubias to Glen Torridon and Fig. 2.18, 
Heights of Kinlochewe to Kinloche''le. Both of these longi-
tudinal sections illustrate the Kinlochewe 'rhrust Sheet 
overlying the Beinn Eighe Imbricate Fan and imply that the 
KinlocheweThrust Sheet is gently bulged by accretion of 
horses during formation of the imbricate fan. The sequence 
of thrusting is examined in detail in Section 2.3. 
Displacement estimates, and horse dimensions which are 
used throu~hout this chapter are derived from construction 
of balanced and restored cross sections. The errors 
arising from this approach cannot be assessed due to 
numerous difficulties, particularly in accurately predicting 
the depth to the floor thrust, the frequency of blind 
SSW 
1500m 
1000 m 
500 m 
Sea Level 
FIG . 2 .1 7 
NNE 
GLEN TORRIDON HEALL A' GHIUBIAS 
--~---~-
-~-
1 km D Lower Quartzite 
D Torridonian Sands tone 
Longitudinal section from Neall a'Ghiubias to Glen Torridon . 
(Movement direction into page). 
\J1 (j) 
-1000m 
-SOOm 
ssw 
Kinlochewe 
I 
I 
Longitudinal section 
NNE 
'Heights 
I 
I 
--= ~~~r;,. I) ~:: ~"2h~ 
L ~ :. 
-Sea Level 
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& 
0 Serpulite {jrif 
0 Fucoid Beds 
0 Pipe Rock 
0 Lower Quartzite 
0 Torridonian Sst 
0 Lewisian (jneiss 
FIG. 2.18 Lon~i tudinal section from Hei~hts of Kinlochewe to Kinlochewe. 
(Movement direction into page). 
V1 
-."J 
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thrusts, the geometrical configuration of the now eroded 
overlying thrust sheets and the consistency of displacement 
along a single thrust surface. rhe geometrical data 
presented in Tables 2.1 and 2.3 of this chapter are a series 
of estimates, the inaccuracy of which is due to the assump-
tions and oversimplifications necessary ".Then constructing 
regional balanced cross sections. However, the regional 
analysis of the 3 dimensional shape of thrust sheets is 
impossible without constructing balanced cross sections. 
(vi) Geometry of the Dundonnell area 
Elliott & Johnson (19.80) include an interpretation of (Fig.12J 
the Dundonnell areaAof the Moine Thrust Zone in their 
reassessment of the evolution of thrust sheets within the 
zone. 'rhese authors recognised 4 distinct thrust sheets 
within the Dundonnell structure; these are: 
1. Moine Thrust Sheet (structurally highest) 
2. Torridonian rocks 
3. PiDe Rock 
4. An t-3ron formation. 
The geometrical relationship between these thrust sheets 
nrovides excellent evidence for a foreland directed or 
piggy-back thrust sequence as the upper thrust sheets are 
folded by accretion of lower horses, into an ErTE-HS\J 
trending antiform. This must have resulted from slip 
across oblique ra~ps within the Pipe Rock and An t-Sron for~­
ations. 'rhe geological map used by Elliott Sc Johnson (1980, 
p.91, fig.23) is shown here as Fig. 2.19 and their cross 
section (p.92, fig.24) is also included in this diagram. 
Sheet (IV) of the cross section of Elliott & Johnson 
is shown to be folded by the postulated underlying horse, 
sheet (V). Sheet (IV) is certainly composed of An t-Sron 
formation but rather than being folded into an anticline it 
appears to consist of at least 2 horses, separated by an 
Er-TE-1rJS1:1 trending imbricate thrust. Sheet (=:= ~ of ~:lliott 
f.,- Johnson is shown to surrou..Tld sheet (IV). No 
outcrops of Pipe Rock exist to the SE of sheet (IV) in the 
area mapped by this author therefore the geo~etry of the 
0 
0 
0 
0 
0 
D 
FIG. 2 .1 9 
An t-Sron Fm. 
Pipe Rock 
La",er Quartzite 
Torridonian sst. 
Lt",isian Gneiss 
Moine 
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FIG. 2.20 
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Dundonnell structure may not be exactly as suggested by 
Elliott & Johnson, a fact that was ad~itted by these 
authors, who suggest that their solution is not unique. 
An equally valid cross section, from :NN\,J to SSE (oblique 
to the movement direction) is shown in Fi~. 2.20. 
2.2 GEOMETRICAL EVOLUTION OF FOLDS AlID THRUSTS 
The geometry of folds within horses and the impli-
cations. of this on thrust 'evolution are now discussed. A 
brief description of outcrop localities of examples of folds 
within imbricate slices is given for each sub-area and the 
geometry of the folds is illustrated by photographs and/or 
cross sections. It is unnecessary to give a complete 
description of the outcrop geometry of the whole of the 
study area; the geological map of the area, based on field 
mapping by this author is included in the back pocket of 
the thesis. 
Following the brief descriptions of fold geometry from 
each sub-area, the geometrical evolution of folds and 
thrusts within the 3einn Zighe I~bricate Fan is su~~arised 
in the li~ht of current models. 
(i) Sgurr Dubh 
The cross sectional geometry of the Beinn Sighe 
Imbricate Fan in the3gurr Dubh region is illustrated in 
Fig. 2.4. An idealised ~odel of duplex formation is 
presented by Boyer & Elliott (1982, p.1208) which assumes 
perfectly consistent displacement alon~ each imbricate 
(subsidiary) thrust surface. This assumption is a slight 
oversimplification w~ich is discussed in Section 2.2(v). 
The natural consequence of movement of a thrust sheet (horse) 
un a ramp and along the higher level flat is the develop-
ment of a structurally necessary fold as the moving hanging-
wall assumes the geometry of the underlying thrust surface. 
The applicability of this model to the Sgurr Dubh sub-area 
is now discussed. 
In the area between (NG 96705525) and (nG 9'7705505) 
an anticline is developed in 'I'orridonian sandstone in the 
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hangingwall to a major imbricate thrust. The underlying 
horse is exposed as subhorizontal to gently dipping Pipe 
~ock and an illustration of the cross sectional geometry 
is shown in Fig. 2.21 and Fig. 2.22. 
FIG. 2.21 
FIG. 2.22 
Photograph of hangingwall anticline in 
Torridonian sandstone in the vicinity of (NG 97455530). (Looking to 19So) 
WNW 
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EOUAL 
Cross section of hangingwall anticline 
between (nG 96705525) and (NG 97705505). 
Hei~hts are in metres, dips in Torridonian 
are correct. 
ESE 
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Hangingwall folds are also exposed in the area between 
C~ G 97805612) and eNG 98705575). The outcrop geometry 
along this section line is illustrated in Fig . 2.23, and 
2 photogra9hs illustrating the outcrops of hangingwall 
anticlines in Torridonian sandstone near to this section 
line are presented in Fig. 2.24 and Fig. 2.25. . 
WNW 
800 
700 
400 
300 
ESE 
VERTICAL AND HORI ZON TAL 
FIG. 2.23 Cross section from eNG 97805612) to eNG 98705575) 
illustrating hangingwall folds. 
Heights are in metres. 
FIG . 2.24 Photograph of han~ingwall anticline in 
Torr~donian sandstone eNG 97955610), 
looklng towards 194°. 
FIG. 2.25 
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Photograph of hangin~Nall anticline in 
Torridonian sandstone (nG 98555630), 
looking towards 172°. 
The folds illustrated here clearly have not developed 
as a direct resuonse to the hangingwall thrust slab mould-
ing itself to the underlying thrust surface as it slips. 
Fischer & Coward (1982) concluded that folds within 
imbricate slices of the Heilam area of the northern r10ine 
Thrust Zone had formed as a result of buckling of the 
hangin~all prior to development of a ramp; this idea is 
su~~arised in Fig. 2.26. 
FIG. 2.26 
~~":')"\) ' ... ' ···· ·jL<-... ' ... . ::. :.: .:~~--~ -:'. ':'" . : <ce· .... .' .:.': ~" -- '~.-.'~""' " .... 
----==:--- -....-,. ,~ 
- --
The production of as~etric folds; a model 
for the Heilam sheet, after Fischer & 
Coward (1982), Fig. 19. 
- 65 -
FIG. 2. 27 Oblique - lateral ramp at eNG 97655520) 
(L ook ing f 0 083 0 ) 
FIG . 2. 28 Oblique - lateral ramp at eNG 98605594-) 
( Looking fo 
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These authors were able to arrive at this conclusion as the 
footwall rocks at Heilam are folded and footwall synclines 
can be identified in outcrop. 'rhis model differs from the 
alternative idea of Berger & Johnson (1980) who suggest 
that the footwall can remain undefor~ed while asymmetric 
folds form in the hangingwall due to stick or drag on a 
ramp. Clearly an intermediate stage exists in which a ra~p 
surface is developed prior to buckling which dies out within 
the succession at a tip line. Slip on this thrust surface 
will decrease towards the tip line and asymmetric folds may 
develop in the hangingwall due to slip on the flat behind 
the ramp. 
In the Sgurr Dubh area there is no evidence to suggest 
that footwall synclines exist at depth below the present 
erosion level. The local relief of 750 m is considerable 
and it is logical to assume that if significant footwall 
synclines were present within the imbricate fan, then some 
evidence of their existence would have been encountered 
during field mapping. It is clear from the geological map 
that the lower portions of the imbricate fan are character-
ised by Torridonian sandstone dipping at between 20° and 45° 
to the ESE, while the ~id-upper portion commonly shows 
develo~ment of folds in the hangingwall to imbricate 
thrusts. 
Outcrons of thrust surfaces are rare but a number of 
excellent exposures exist on Sgurr Dubh and 2 of these are 
illustrated in Figs. 2.27 and 2.28. Each of these photo-
graphs shoVls.horses involvingrorridonian sandstone and 
Lower ~uartzite. 
(ii) Beinn Eighe 
I'he 3einn Eighe sub-area shows a similar style of 
hangin~all folding to that seen on Sgurr Dubh, 2 hanging-
wall folds are exposed and in both cases there is no 
evidence for the presence of a footwall syncline; one of 
these folds is illustrated in Fig. 2.29. The greater 
relief of Beinn Eighe compared with Sgurr Dubh, 950 m as 
FIG. 2 . 29 
WNW 
-900m 
-800m 
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Photograph and cross section illustrating 
hangingwall fold at (NG 97706170) . 
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opposed to 750 ~, allows a confident prediction that in 
the majority of horses no hangingwall folds develo~ed 
except for flexures resulting from slip along the curved 
thrust surface. Subvertical cliff faces which face ffiv, 
Fig. 2.30, provide a series of natural longitudinal 
sections, illustrating the 3 dimensional geo;netry of the 
horses. The level of erosion over most of Beinn Eighe is 
just below the roof thrust to the imbricate fan, assuming 
that the immediate foot,,,all to the Kinlochewe 'rhrust is 
near to the top of the Fucoid Seds. This allows the 
geometry of the horses to be examined in a potentially 
interesting position, on the flat in front of the ramp. 
This is possible to the N of Loch Clair, Fig. 2.31; the 
internal strain within these horses is discussed in 
Chapter 3. 
(iii) Meall a'Ghiubias 
The geological map shows that there are numerous 
examples of small scale folds within horses. These are 
dealt with in ter~s of the evolution of strain within 
thrust sheets in Chapter 3. One larger example of a 
han~ing\'lall antic:line exists near to om 00106480) and has 
similar geometry to the folds observed in the hangingwall 
to thrusts on Beinn ~i~he and 0~rr Dubh. 
(iv) Lochan Fada - Kinlochewe 
rhe iJlbricates exposed belo,"l the Kinlochewe Thrust to 
the N of Kinlochewe do not show folds within horses. The 
imbricates are flexured into a gentle fold probably as a 
result of imbrication below - see the balanced cross 
section illustrated in Fig. 2.7. 
(v) Discussion on fold a~d thrust evolution 
Various models of fold develonment in thrust belts 
have been recently proposed, e.g. Berger & Johnson (1980), 
Boyer & Elliott (1982), Fischer & Coward (1932) and Suppe 
(1983). It is clear from the balanced cross sections, 
FIG. 2 . 30 
FIG . 2 . 31 
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Natural longitudinal sections on the ffiv 
facing cliff faces of Beinn Eighe. (L oo k ing to 
Horses immediately below the :rinlochewe 
Thrust to the N of Loch Clair. ( L oo lf ing to 0200 ) 
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Figs. 2.4 to 2.7, that the flexures observed within the 
horses which constitute the Beinn Eighe Imbricate Fan can 
be attributed to slip of a thrust sheet along a flat -
ramp - flat thrust surface and therefore broadly conform 
to the idealised duplex model of Boyer & Elliott (1982, 
p.1208). However, the evolution of the imbricate fan is 
not as simple as this model suggests. The presence of 
hangingwall folds similar to the examples of Fig. 2.23 
imp!iesthat buckling of the hangingwall resulted from stick 
on a floor thrust surface or from stick at a ramp tip line. 
So the development of folds within horses may be a direct 
consequence of the ability of the thrust plane to propagate 
forwards. 
If a model of stick at a ramp tip line is applicable, 
then a stage must have been reached where the fold locked 
and the ramp continued to propagate from the tip line, at 
which thrust development had temporarily ceased. In the 
case of one of the anticline - syncline fold pairs on Sgurr 
Dubh (NG 98505600) it appears that the ramp did not develop 
from the tip line, but was abandoned at depth as a blind 
thrust. This interpretation is also preferred for the 
hanging\'rall fold on Ruadh Jtac Beag Om 97706170), Fig. 
2.29, where it is proposed that following locking of the 
fold, a new, structurally lower thrust plane propagated 
from the floor thrust - ramp branch line. This situation 
does not involve the ramp cutting across the fold, therefore 
the rar:J.p angles are likely to be low. 
The weakness of this idea of stick at a ramp tip line, 
followed by buckling and then either regeneration of the 
existing ramp or development of a new ramp, is that it 
suggests a rigid, exclusive deformation sequence. A slight 
modification of this "lould suggest that if the rate of slip 
on the floor thrust was greater than the rate of propagation 
of the ramp, the hangingwall may be expected to buckle as 
the ra~p is slowly developing below it. 
Differential movement was significant during the 
evolution of the Beinn Eighe Imbricate Fan, L'lplying 
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variable rates of thrust plane development along strike. 
The detailed structural history of hangingwall fold 
development is perhaps more likely to be dictated by a 
gradually accelerating and decelerating rate of thrust 
plane propagation, rather than the simple sequence of 
stick, fold and thrust. If so then the growth of hanging-
wall folds is likely to be synchronous with thrust plane 
development. Differential movement or variable rates of 
thrust plane propagation along strike will result in 
hangingwall fold axes varying in trend from perpendicular 
to the movement direction to more oblique trends. The 
fold axes on Sgurr Dubh do show very strong evidence for 
some differential ~ovement on the underlying thrust 
surface - see the geological map. 
The development of folds within horses is therefore 
believed to be a function of the rate of slip of the 
thrust sheet along the pre-existing floor thrust and the rate 
of propagation of the floor thrust or a subsidiary (ramp) 
thrust. Clearly if the rate of slip on the floor thrust 
is greater than the rate of thrust plane development, then 
folding may occur. Alternatively, layer parallel 
shortening by straining the region above the developing 
thrust may occur as well as buckling. The amount of 
internal strain within the imbricate fan is ex~~ined in 
Chanter 3; this leads to a better constrained evolutionary 
sequence than can be deduced from geometrical observations 
alone. The majority of the horses that constitute the 
Beinn Eighe Imbricate Fan do not show internal folding; 
this implies that it was more usual for the rate of slip 
on the floor thrust to be very similar to the rate of ramp 
development. This inevitably leads to the production of 
passive folds as ori~inally suggested by Rich (1934) and 
~ore recently by Boyer & Elliott (1982). 
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2.3 GZGr'IETRICAL EVOLUTION OF THE KINLOCHE'.JETHRU3I' SHEET 
The Kinlochewe Thrust Sheet consists of Lewisian 
gneiss, Torridonian sandstone and Lower ~uartzite. It 
is exposed in 3 areas: 
1. between Lochan Fada and Kinlochewe 
2. to the Nand E of Loch 0lair 
3. as a klippe in the region of Meall a'Ghiubias. 
Each of these areas is now discussed, and the relationship 
h K· 1 h Th t t th d l' . . fhrusls of t e . ~n oc e\lle rus 0 e un er y~ng ~mbr~cate II ~s 
investigated. 
(i) Lochan Fada - Kinlochewe 
The Kinlochewe Thrust Sheet in this region Can be 
subdivided into 2 ::najor horses which shm .... more complex 
internal defor~ation than the horses within the underlying 
imbricate fan. The upper horse (horse 1) is exnosed as a 
slab of Le\visian gneiss with sf'lall accumulations of 
Torridonian sandstone and an exposure of inverted Lower 
~uartzite, which unconfor~ably overlies the Lewisian gneiss. 
This suggests that the planar sub-Cambrian unconformity cuts 
an erosion surface across a thick Torridonian subsurface in 
the present day W and across a much thinner Torridonian and 
Lewisian subsurface in the E. This is not intended to 
imply that pre-Caledonian gentle folding combined wi th the 
effect of variable Lewisian topography were wholly res-
ponsible for regional thinning of the Torridonian sandstone 
to the E below the sub-Ca~brian unconformity. It is :nore 
likely to be due to normal faulting during accumulation of 
Torridonian sedi271ents, possibly due fo movement on the Loch f'1aree Fault 
The lower horse (horse 2) shows a 100-200 m develop-
ment of Torridonian sandstone between the Levlisian gneiss 
and the Low~r (~uartzi te; the Lower ~uartzi te crODS out in 
the core regions of synclines within this horse. There 
is no evidence for the presence of imbricate thrusts 
immediately above these synclines, the internal geo~etry of 
the horse may therefore have evolved in si271ilar fashion to 
the development of asym~etric folds above blind thrusts in 
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the Sgurr Dubh region. The internal geometry of horse 2 
is therefore a fold train of IDJ verging folds which may 
overlie blind thrusts. This geometry is illustrated on 
the balanced cross section shown in Fig. 2.7. 
The hangingwall cut-off of the Lewisian/Ca~brian 
unconfor~ity of horse 1 is projected onto this balanced 
cross section to provide a minimum displacement estimate 
for the upper Kinlochewe Thrust of 2.7 km, based on the 
offset of the sub-Cambrian unconformity on this thrust 
plane. The displacement on the lower Kinlochewe Thrust 
is at least 7.9 km; this is deduced by restoring the 
postulated duplex which underlies this thrust; this 
restores to 6.2 km. The position of the Kinlochewe 
Floor 'Thrust/upner KinlocheweThrust branch line must be 
a?proximately 1.7 k~ forwards of the lowest underlying 
imbricate thrust, therefore the r!linimum displacement on the 
lower Kinlochewe rhrust is 7.9 k~. The shortening within 
the underlyin~ duplex is at least 4.1 km and therefore the 
minimum shortening below the l'1oineThrust along a 1dNl·J - ESE 
section line, in this region, is (7.9 + 4.1 + 2.7) = 14.7 km. 
The sequence of thrusting can be deduced from this 
sub-area by reconciling the following field observations. 
1. The Kinlochewe Floor Thrust cuts down stratigraphic 
section in the footwall from ESE to 'iTI:TW, from Durness 
limestone to the top of the Pipe Rock. 
2. The upper and lower Kinlochewe Thrusts cut up strati-
graphic section in the hangingwall from ESE to \v'Nv/. 
3. 'The KinlocheweThrust Sheet is flexured by movement 
on underlying major imbricate thrusts. 
4. The Kinloche""e Floor Thrust cuts across a previously 
developed imbricate system of upper Pipe Rock, Fucoid 
Beds, Serpulite Grit and Durness Limestone - see 
Fig. 2.7 and the geological map. 
In order to reconcile these observations it will initially 
be assumed that the present day geometry is a result of 
thrusting. 
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A high level imbricate system, composed largely of 
repetitions of the An t-Sron for~ation, is clearly 
truncated by the overlying Kinlochewe 'l'hrust in the region 
near to (HH 05806304). Therefore imbrication of the 
An t-Sron for~ation predates propagation of the Kinlochewe 
Thrust through these high level imbricates, confir~ing the 
conclusion of McClay & Coward (1981) that the Kinlochewe 
Thrust is not a roof thrust to this particular imbricate 
system. However, the Kinlochewe Thrust is clearly bulged 
or flexured by development of major imbricates in its 
footivall, suggesting that the Kinlochewe Thrust is a roof 
thrust to this lower imbricate system. The upper and 
lower Kinloche\-Te ~hrusts both cut up stratigraphic section 
in the hangin~all and it seems likely that this is a 
result of thrusting. Therefore the ~ost likely sequence 
of thrusting is: 
1. Displacement on the upper Kinlocheive Jlhrust 
2. Development of the An t-Sron imbricates 
3. Displacement on the lower Kinlochewe ~hrust 
across the An t-Sron imbricates 
4. Development of the lower imbricates. 
If this sequence of thrusting is correct, then it is 
an excellent example of out of sequence thrusting as high 
level thrusts cut across lower ones. This does not mean 
that displacement on the KinlocheweThrust had ceased while 
the An t-3ron duplex was developing, it implies that the 
rate of propagation of the Xinloche\veJlhrust was slO\ver 
than the rate of propagation of a structurally lower thrust 
which must have spawned the An t-Sron imbricates. 
This deformation sequence does not reconcile all of 
the geometrical observations listed above. The footwall 
to the Kinlochewe 'l'hrust becomes strativraphically older 
to the 1,..J1f1tl, therefore the Kinloche"le Thrust cuts down 
section. The average angle of cutting down section 
relative to a horizontal datun plane is between 1° and 2°. 
A re".larkably similar situation exists in the northern l"loine 
Thrust Zone in the Loch More region, where the Glencoul 
Thrust also cuts down section towards the 1:r:.;rd, with an 
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average angle of cutting down section of between 3° and 5°, 
(Butler, in press). Butler (op. cit.) invokes a regional 
dip of the foreland sequence towards the ESE prior to 
thrusting to allow a future, regionally horizontal thrust 
plane to cut down carefully through the succession at an 
angle of between 3° and 5° to bedding. 
This alternative is illustrated for the Kinlochewe 
region in Fig. 2.7 (lower diagram), where the most easterly 
portion of the foreland sequence is considered to have been 
tilted to the ESE. This possibility is supported by the 
presence of Pipe Rock within one of the structurally lower 
horses within the higher level imbricate syste~. There-
fore the local floor thrust to this imbricate system may 
also cut down strati~raphic section from the base of the 
Fucoid 3eds into the Pipe ~ock. It is therefore possible 
to reconcile the observed geometrical relationships by 
invokinr, a combination of gentle foreland tilting and out 
of sequence thr~sting. The cause of this proposed foreland 
tilting cannot be deduced from the field geo~etry. Prior 
to imbrication the foreland was probably overlain by 
between 5 and 10 km of overt~rust I10ine rocks (Soper :.:. 
Barber, 19'79); the possibility that this r:'.ay have induced 
tilting in the underlying foreland cannot be discounted. 
An alternative model for the evolution of these 
geometrical relationships has been proposed by ~oward (1982) 
who suggests that the Kinlochei;Je Thrust is not a thrust, 
but instead is a low angle extensional fault which has 
sliced down through the Kinloche~.,e 'rhrust Sheet and down 
onto the foreland, thereby explaining the footwall geometry. 
This situation is summarised in Fig. 2.7 (upper diagram), 
which illustrates the "Kinlochewe Fault" slicing down 
through a previously thrust succession. Coward (1982) 
suggests that the Kinlochewe Sheet is therefore part of a 
large "surge zone" which is similar to s'!laller surge zones 
in the Assynt region of the Moine Thrust Zone, where 
"surges" defined by extensional faults, te,{r faults and 
thrusts can be mapped out. This is clearly not the case 
for the Kinlochewe region where there is no unequivocal 
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evidence for the presence of an extensional fault, and 
certainly no evidence of tear faults or subvertical shear 
zones associated with a surge zone. 
Coward & Ki~ (1981, p.289, Fig.18) draw attention to 
oblique folds within the Kinlochewe Thrust Sheet to the N 
of Kinlochewe. These authors suggest that the structure 
within the Kinlochewe Thrust Sheet is a sheath-like fold 
resulting from differential movement of the Kinlochewe 
Thrust Sheet. Mapping by this author suggests that the 
fold axes within the IO\'ler horse are oblique to the move-
ment direction. This obliquity varies from 45° to 90° 
to the movement direction; however, these folds are \-I to 
Nl,-l facing, and not 8\{ facing with SE plunging hinf':es as 
suggested by 00ward & Kim. 
(ii) Loch Clair - Neall a'Ghiubias 
The geometry of the Kinlochewe Sheet as illustrated 
by Coward (1982, p.253, Fig.14) - see Fig. 2.32 - suggests 
that the Kinloche'l,ve Fault cuts through a maj or recu!Ilbent 
syncline, thoupht to be equivalent to the Lochalsh syncline 
which occurs to the S of Lochcarron. Re-mapping of this 
area by the present author may cast doubt on this inter-
pretation. A close exanination of Fig. 2.32 illustrates 
that if this geometry is correct, then the Torridonian sand-
stone must be anproximately 2.5 kID thick. 
WNW Kinlochewe Fault ESE 
---/ 
FIG. 2.32 
5 km 
--
-
---
--
-
-
(Vertical scale :: 2 x Horizontal) 
Cross section illustrating the geometry of the 
Kinlochewe Fault; this diagram is slightly 
modified from Fig. 14 of Coward (1982). 
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This would imply a decrease in thickness of the 
'rorridonian sandstone wi thin the Kinlochewe Thrust Sheet 
from 2.5 kIn to the S\)T of Kinlochewe to a maximum of 200 m 
to the N of Kinlocheltle, a decrease in thickness from S to 
N of approximately 2.3 kID over a horizontal distance of 
3 km. This seems rather rapid. The maximum thickness 
of Torridonian sandstone in the foreland of the Beinn Eighe 
region is a9proximately 1200 m. An alternative model is 
proposed on the balanced cross section shown in Fig. 2 .6; 
2 horses can be identified within the Kinlochevle Thrust 
Sheet in the region of Meall a'Ghiubias, Figs. 
2.34. The uuuer horse on Meall a'Ghiubias is 
Torridonian sandstone which is the correct way 
cross bedding and on "Diabaig" sediments being 
"Applecross" lithologies. The lower horse is 
Lower Q.uartzite and Pipe Rock . 
2.33 and 
composed 
up based 
overlain 
composed 
of 
on 
by 
of 
FIG. 2.33 Meall a'Ghiubias, illustrating the two horses 
within the Kinlochewe Thrust Sheet. 
(Looking north) 
FIG . 2 . 34 Neall a ' Ghiubias looking towards 080°, illustrating flexuring of the upper 
horse due to oblique footwall ramps . 
---.J 
(X) 
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To the ESE, in the region of Loch Clair, Torridonian 
Sandstone is exposed in the hangin~vall to the Kinlochewe 
'rhrust and this may be part of either of the horses on 
Meall a'Ghiubias. In Fig. 2.35 it is considered to be 
part of the lower horse, suggesting that the thrust cuts up 
section in the hanging1tlall from Torridonian sandstone to 
FiDe Rock over a horizontal distance of approxi~ately 3 km . 
Fig. 2.35 illustrates the possi~le geometry on a section 
line drawn through Meall a' Ghiubias from "-JN1.J to ESE and 
illustrates quite clearly that the Kinlochewe Thrust may cut 
u~ section in the footwall from ESE to \~n1 and therefore 
does not show extensional geometry in the hangingwall or in 
the footwall. 
To the E of Loch Clair - see geological map - the 
hangingwall to the Kinlochewe Thrust consists of inverted 
Torridonian sandstone and Lewisian gneiss - see Figs . 2 . 4 
and 2.5. The Kinl ochewe Thrust therefore slices through a 
fold, and if this is Dart of the lower horse exposed on 
Me all a'Ghiubias then correct way up strata overlie the 
thrust to the \;Tlill-I . This geometry can develop from out of 
sequence thrusting and there is no need to invoke any major 
extensional faulting in the Kinlochev!e region. 
1000 m 
500m 
11f8RILUf FAN 
, km 
fSf 
FIG. 2.35 ~JN\.J-ESE cross section through I1eall a' Ghiubias. 
- 80 -
It is not possible to prove or disprove an out of 
sequence thrust model or a surge model for the geometrical 
evolution of the Kinlochewerhrust Sheet. ::101vever, the 
geolofical evidence for a surge ~odel is slight, relying on 
an inbuilt preference for the foreland to be subhorizontal 
prior to defor~ation and for thrusts not to forn out of 
sequence. It is argued here that the geology of the 
Kinlochewe Thrust 3heet is good evidence for thrusts 
develo9ing out of sequence. 
~he 3 dimensional geometry of the Beinn Eighe 
I~bricate Fa~ and the Kinlochewe ~hrust Sheet demonstrates 
that the evolution of thrust surfaces was broadly from ESE 
to wNW, a foreland directed thrust sequence. The detailed 
evolution of individual thrust systems may not have been 
rigidly in sequence and there is strong evidence for out of 
sequence thrusting from the geo~etrical relationships 
between the KinlocheweI'hrust :3heet and the underlyinp:: 
imbricates. 
Differential ~ovement along thrust surfaces and the 
rate of slip on the pre-existing floor thrust co~pared to 
the rate of thrust plane oropagation may have led to the 
growth of folds within the thrust sheets. The Obliquity 
of fold axes to the movement direction and the occurrence 
of folds is greater wi thin the Kinlocheli.fe 'rhrust 3heet than 
in the underlying imbricate fan. 
An illustrative cross section which demonstrates the 
-probable shortening bet'\veen the r'~oine Thrust and the 
forela~d in the Kinlochewe region is presented in Fig. 2.36. 
The position of the Kinlochewe Thrust/Imbricate Fan floor 
thrust trailing branch line is not known; for the pur~oses 
of constructing Fi~. 2.36 it has been assumed that it is 
not significantly 'down-dip' from the easternmost exposed 
imbricates. 
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C HAP T E R 3 
Fr:HT~ S'I'::1ALfJ 1,11 T HE,r 'T~iRU,5T SE:2:T.8 I:~ TH~ KINLOJHZ'JS REGION 
An outline of the large scale geometry of the 
Kinlochewe region has been given in Chapter 2. The evolu-
tion of this 3 dimensional thrust geometry is nov! constrained 
by exa~ination of the finite strain at various positions 
within the thrust sheets. A study of the evolution of 
strain within a thrust sheet is inseparable from a con-
sideration of the geometry of that particular thrust sheet 
and this approach is used throughout this chapter. 
3.1 STRilH HIT3IH THE 5Enm EIGHE Ii'1B2ICAT~ FAN 
Two dimensional finite strain studies have been carried 
out using the shape of pipes on bedding pla~es w~thin the 
Pipe Rock formation. The following procedure was followed 
to arrive at a finite strain ellipse for each locality: 
1. One or two orientated photographs (colour trans-
parencies) were taken of each chosen outcrop. The 
canera \vas hand held anproxi:nately 1 m above and at 
90° to the bedding plane. 
2. The colour t~ansparencies were then enlarged (x25), in 
9 segments, on a "Shadmvmaster" projector to arrive 
at an al~ost exactly life size i~age. 
3. Orientated tracings were then made of the pines on 
the bedding plane from this image. 
4. The long and short axes of the pipes and the orienta-
tion of the long axes relative to the marker direction 
(strike of the outcrop) were measured on aD-mac 
digitisinf tajle (accurate to 0.1 mm), which was on 
line to a Di~ico Micro 16 V computer. 
5. The above data was plotted as RF/Phi diagrams 
(Dunnet, 1969) ane values for the 2 dimensional strain 
ra~s and the principal directions of strain were 
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obtained using the 'Theta-Curve' method of Lisle (1977). 
6. As a comparison and as a check on the 'I'heta-Curve' 
results, the above data wa s also plotted on a polar 
graph, using the method of \fueeler (in press), \.vhich 
is a modification of the method introduced by Elliott 
(1970). A com~uter progra~ based on the numerical 
method of Shimamoto & Ikeda (1976) gives a value for 
the 2 dimensional strain ratio and the principal 
directions of strain. 
(i) Strains belm'" the imbricate fan floor thrust 
It has been demonstrated by Joward & Kim (1981), 
Fischer & Coward (1982) and Cooper et ale (1983) that 
imbricate thrusts may develop throug;h a "ductile oead" or 
zone of layer parallel shortening which travels imMediately 
at the head of the thrust tip line. 'I'his ductile bead may 
represent a significant amount of layer parallel shortenin~, 
a value of 3~~ is sug?ested by Fischer & Coward (1932), based 
on measurement ofiefor'1ed -pipes, for the maximum affi0unt of 
layer parallel shortening in the Heila:J region of the l'Loine 
T~rust Zone. This layer parallel shortening is thou~ht to 
develoD prior to bedding narallel shear strains due to 
flexural shear and development of an i:loricate thrust across 
the beds. Cooper et ale (1983) suggest that 27;. of the 
total shortening observed within Carboniferous Linestone of 
the 3asse Sormandie duplex of iT •. ::::. ?rance ViaS due to layer 
parallel shortenin~ Drior to thrust develo-:ment. This is a 
bul~ fi~~re for the whole of the dunlex and is not based on 
measurement of strain markers; the amount of localised layer 
par8.llel shortening prior to develo1)ment of individual thrusts 
may therefore have been greater or less than 27;v. 
It is clear fron a description of the large scale 
geometry of the Beinn Eighe Imbricate Fan that a significant 
stape in the evolution of some of the ~orses is the ~rowth of 
folds associated wi-'ch differential movement on thrust 
surfaces. Finite st~ains arising from the development of 
these folds will be sl~erimposed on any earlier ductile bead 
strains. Therefore the :!lost suita:;le position to stud.y any 
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internal defoMlation which has developed ahead of the thrust 
tiu is in the footwall to i~bricate thrusts. 
This section exa~ines the results from 12 localities 
l.'li thin the foreland, 100 m to >300 m to the lJI:rI'J of the floor 
thrust. These localities are illustrated in Fig. 3.1. 
The results from the 'Theta-curve' and Shima~oto & Ikeda 
methods are presented in Table 3.1 and the data is plotted 
as Rf/Phi diagrams and as plots based on the ',:heeler method 
in Figs. 3.3, 3.4, 3.5, 3.6 and 3.7. 
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, ~-:)himamot 0 
iTo. of 'I'heta-Curve' & Ikeda' 
Locality FiF· Pipes dS Direction ~s Direction 
968163LL8 3.3 202 1.04 070 1.05 078 
96776371 3.3 178 1.03 050 1.03 061 
96646360 3.4- 4-1 1.13 050 1.07 063 
96806323 3.4 53 1.01 004 1.00 
96806355 3.4 81 1.07 04-9 1.07 049 
97036309 3.4 41 1.07 040 1.07 053 
96866307 3.5 170 1.03 000 1.C6 080 
96896310 3.5 301 1.09 069 1.06 073 
97026294 3.6 63 1.10 058 1.12 062 
96946303 3.6 177 1.05 04-2 1.03 054-
99456475 3.7 155 1.11 076 1.11 075 
99156450 3.7 37 1.02 000 1.02 028 
TABLE 3.1 '~wO dimensional strain ratios and orientations of 
the long axes of the strain ellipse on the bedding 
surface. The effect of the tilt of the beds has 
been recoved and each orientation is a bearing 
relative to present day grid north. 
The results presented in Table 3.1 suggest that the 
strain ratios in a plane parallel to bedding vary froM 1.00 
to 1.12 for the 12 localities. These strain ratios and long 
axis orientations, based on the results from the Shi~amoto & 
Ikeda method are illustrated in Fig. 3.2. 
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The strain ratio and orientation of the pipes on a 
Dlane parallel to bedding can be used to evaluate the amount 
of differential ~ovement (the layer nor~al shear component) 
and the amount of layer parallel shortening. This !!2ethod of 
factorising strain ratios i2to components of layer parallel 
shortening and layer normal shear was introduced by Joward & 
Kim (1981). Their model for factorisation of displacements 
is illustrated in Fig. 3.3, based on a subdivision of strains 
into lon~itudinal strains (layer parallel shortening or 
extension), layer parallel shear a2d layer nornal shear. In 
this diap:;ram the XY coordinate plane is parallel to bedding. 
Note that ~oward & Kim (1981) do not follow this procedure; 
instead these authors illustrate the YZ coordinate plane as 
par~llel to bedding. 
FIG. 3.8 
1. Longitudinal 
strain 
.2.. Layer Parallel 1 Layer Normal 
Shear Shear 
DisDlacement components for the factorisation 
model of Coward & Kim (1981). 
'ro factorise the observed strain into co:nponents of layer 
parallel shortening and layer nor~al shear~ it is necessary 
to assume one of the strain sequences listed below. 
1. LO'l?;itudinal strain followed by layer normal shear. 
2. Layer nor~al shear followed by longitudinal strain. 
3. Simultaneous development of layer normal shear and 
longitudinal strain. 
Cow;~rd. & :-:i11 (1981) and Fischer & COvmrd (1982) were 
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able to assune that longitu1inal strain predates shear in the 
evolution of the Assynt and Heilam regions of the northern 
1"Ioine Thrust Zone. This will be assumed to be a valid 
anproach here and reassessed at a later stage. The orienta-
tion of the long axes of the strain ellipse relative to the 
shear direction is plotted a~ainst the strain ratio, see 
Fig. 3.9. The contours on this diagram refer to lines of 
equ&l values of layer parallel shortening (II) and lines of 
equal shear strain (Y2). This diagram is valid for a 
defor~ation sequence of lon~itudinal strain followed by 
simple shear. The strain ellipse lies in the bedding 
FIG. 3.9 
1.5 2 3 4 
Ratio 
Strain ratio plotted against the orientation 
of the lon~ axis of the strain elliDse 
relative to the ~ovement direction.-
plane 
If a strain locality indicated a finite strain ratio 
(:1s) of 2: 1 \,Ti th the long axis of the strain ellipse 
orientated at 90° to the movement direction (8 = 90), then 
that locality would plot on Fig. 3.9 at position A. This 
would indicat~ iefor~ation involving layer parallel shortening 
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only, ,,,here I"X' = 0.5 and the local shortening would therefore 
be 5Qo. If, however, a different strain locality indicated 
a finite strain ratio eRs) of 2.5 : 1 with the long axis 
orie~tated at 65° to the moveme~t di~ectioa, 3 on Fig. 3.9, 
then a defor~ation seQuence of layer parallel shortening 
followed by layer nor~al shear is inferred. The co~ponent 
of layer parallel shortening IX can be estimated by tracing 
the plotted position of the strain locality parallel to the 
IX contours to the upper boundary of the dia~am, a value for 
the strain ratio prior to shearing would be 2.25 and the value 
of I"X' is therefore 0.44. The val~e of the layer normal shear 
component can be estimated by gauging the a?proximate Y2 
contour which passes throu~h the plotted position of the 
strain locality and in this case Y2 is auproxinately 0.35. 
The foreland pipe localities illustrated in Fi~. 3.9 
c19arly do not show high strain ratios. This may be 
exnected, as by definition the foreland is immediately below 
the structurally lowest thrust and therefore represents the 
position at which defor~ation ceased in that part of the 
thrust belt. Ho,.;ever , it is i!!lportant to sample the region 
near to the floor thrust of the i~bricate fan, in order to 
search for a subdued version of ductile bead strains for 
this part of the thrust zone. 
'rhe ~aximu~ strain ratios resulting from the Shimamoto 
& Ikeda method indicate an ~s value of 1.11 and 1.12 orientated 
at 350 and 430 to the shear direction respectively; the 
shear direction is assumed to be par~llel to the ~ovement 
direction of structurally higher thrusts as suggested by 
thrust geo~etries. In the case of the locality which shows 
a e value of 480 and an Rs value of 1.12, a IT value of 
a~proximately 0.98 is suggested from the graph, an early 
layer parallel shortening component of approximately ~~. 
This locality (97026294) represents the maximum layer parallel 
shortening component from any of the foreland localities. A 
ve~ sma~l amount of early layer parallel extension is 
sug~ested by locality (99456475), the ~s and e values of 
1.11 and 35 0 resp3ctively, suggest a IT component of less 
than 1.03, which indicates a layer parallel extension 
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c8mponent of less than ~~. ~he most OJvious feature of the 
strain ~ap in Fi~. 3.2 is that all of these foreland 
localities show principal extension directions which are 
oblique to the ~ovement direction a~d therefore suggest a 
s~all co~ponent of layer normal shear in the northern part 
of the stu~y area. This is consistent with the greater 
displacement observed within the imbricate fa~ in the south of 
the study area. The amount of early layer parallel shorten-
ing or extension is therefore extremely small, and certainly 
less than 3~" in the zone immediately below the imbricate fan 
floor thrust. HOVlever, the ~ost important feature of the se 
foreland results is that a small layer nor~al shear is 
suggested from the orientations of the principal extension 
directions. 
Before proceeding it is essential to question the 
validity of these results; the 3s values are small and if 
they are a product of the analyf/cal method provi::ilng a 
finite strain ratio which may not exist in reality, then the 
principal extension directions presented in Table 3.1 ~ay be 
meaningless. In order to ex~~ine this point, a short dis-
cussion on the I'heta-Curve and ~fjheeler methods is re~uired. 
The Theta-Curve !'nethod of Lisle (1977) is intended to 
be used in conjunction with the Hf/Phi plot of 3arnsay (1167, 
p.201-211) and Dunnet (1969). Simply, the ~f/Phi plot 
consists of the axial ratio of the strain marker (~f) 
plotted against the orientation of the long axis relative to 
a reference direction (Phi). Assuming homo~eneous strain, 
the finite strain ratio (Rs) can be estimated by a process of 
visual 'best-fit' using 'onion-curves' (Dunnet, 1969). This 
is the ~ost rapid metho::i of providing an estimate of the 
actual Hs value. However, it is not possible to be confident 
of an Rs value determined by this method unless the strain 
~arkers were originally all of similar shape, the initial 
ratios (Ri) must therefore be quite consistent. The bedding 
plane section of a set of pipes certainly falls into this 
category, see Fig. 3.10, and for high values of shortening, 
the visual 'best-fit' method using 'onion-curves' is rapid 
and accurate. The pipe data from the 3einn Eighe re~ion 
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suggests that there is a very small amount of internal 
deforMation within the study area and it is not possible to 
use a visual 'best-fit' method on these Rf/Phi plots . 
FIG . 3.10 View of one of the bedding plane exposures 
of Piue Rock used in this foreland study 
(96896310); 310 pipes were measured at this 
locality. 
The Theta- Curve method provides ~~ alternative approach 
and is described here. Any set of strain markers which are 
initially elliptical and randomly orientate~ vlill obviously 
show a statistically random set of long axis orientations 
prior to defornation. Therefore an Ri/Theta diagram, 
illustrating the initial ratio and long axis orientation 
prior to defor~ation, can be subdivided into intervals renre-
senting equal segDents along the Theta axis; each of these 
intervals should contain an eQual number of markers, see 
Fig . 3 . 11. If, for example , 9° intervals are used, then 
each interval should contain ~c of the total number of 
markers . 
FIG. 3.11 
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Before deformation 
4-~- r- ._.-1- ~-
3 ~- ~- ,-.- ._.- .- ~- .-
2 .-~- r- 1-- 1-- i--
9 9 o Theta 
o 
3.i/Theta diaFran. If there is a perfectly 
random orientation distribution of markers 
before deformation, then each sub-area of 9° 
width 'v-!ill contain 5;;; of the total number of 
~arkers (Lisle, 1977, ,.384, Fig. 1). 
~fter defor~ation, the theta-curves will adopt a shape 
similar to that shown in Fier • 3.12, which illustrates the 
case for an "2.s value of 2.2, each interval oetHeen the theta 
curves sho~ld therefore contain 7t~ of the total nunber of 
strain ~arkers, assuming an initially random orientation. 
FIG. 3.12 
.Hi 
10 
5 
4 
After deformation 
Rs = 2.2 
-80 o 80 
Rf/Phi diagram for :1s = 2.2, showinp" sha-pes 
of curves of constant Ri (llonion-curves") 
and constant theta ("theta-curves") (Lisle, 
1977, ,.384, Fig. 1). 
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Therefore it is now possible to provide an as value 
by choosing the 'best-fit' of theta-curves using a chi-
squared test; the lmllest value of c:!1i-squared is selected 
~~d indicates the Rs value. This method has been carried 
out using the co~puter progra~ for the Theta-Curve method, 
devised by Peach & Lisle (1979), which sequentially tests 
the data for various Rs values in increments of 0.05. The 
Rs value which gives the lowest value of chi-squared, and 
hence the ~ost even distribution of strain markers within 
the theta-curve intervals, is taken as the axial ratio of 
the finite strain ellipse. The Rs value is given to a precIsion 
of 0.001 by the Theta-Curve program. 
The dispersal 0= data points in the Rf/Phi plots of 
Figs. 3.3 to 3.7 suggests that the strain ~arkers were 
ra~domly orientated ~rior to deformation. This observation 
is possible as the strain is so low. Obviously it is not 
advisable to judge the desree of initial ra~domness of a 
population by visually assessing the strained distribution. 
rhe procedure of pipe neasurement has been descri~ed and 
every pipe that was ~easurable has been included in this 
study, and therefore the sample population is felt to reflect 
the actual distribution. 
If the sample population did not shmv a perfectly 
random orientation distribution prior to defor~ation, then a 
false small strain will result from application of the rheta-
Curve pro~raI'1; thi s bac1'::SJ;round 'strain' v[ill be pre sent on 
every sampled locality ",[hich did not have a perfectly random 
pretectonic orientation distribution. It is interesting 
that the -rheta-Curve progra'1l gives Rs values of 1.01, 1.02 
and 1.03 for the localities (96806323), (99156450) and 
(96866307) respectively, and ;nore importantly principal 
extension directions of 000°,004° and 000°. Therefore, 
there may be a small background 'strain' at some of the 
localities which has not been modified by any real internal 
deformation, in which case the Theta-Curve progra~ appears 
to choose the reference direction as the principal extension 
direction. If the population did not have a random pre-
tectonic orientation distribution then chi-squared for the 
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chosen Rs value is likely to be high (Peach & Lisle, 1979). 
It is noticeable that the chi-squared value for locality 
(96866307) is anomalously high, Table 3.2. HOHever, 
despite the evide>~ce for an initial random orientation dis-
tribution, the Theta-Curve results from the foreland show 
consistent ooliquity of principal extension directions, 
except for the 3 localities discussed above. It is therefore 
fel t that the information produced by the Theta-,Jurve method 
in this foreland region is valuable. In order to sub-
stantiate any conclusions that may be drawn from these results, 
it was decided to replot all of the data using a different 
strain a~alysis technique based on the method of Elliott (1970) 
and modified by T,/heeler (in press). 
Locality 
96816348 
96776371 
9664-6360 
96806323 
96806355 
97036309 
96866307 
96896310 
97026294-
9694-6303 
994-56475 
991564-50 
'Theta-Curve' 
Rs 
1.04 
1.03 
1.13 
1.01 
1.07 
1.07 
1.03 
1.09 
1.10 
1.05 
1.11 
1.02 
Direction 
070 
050 
050 
004-
049 
040 
000 
069 
058 
042 
076 
000 
Chi-Squared 
10.2 
8.4 
0.5 
9.5 
5.3 
0.7 
44.5 
9.5 
3.8 
7.9 
14-.5 
0.9 
TA3LE 3.2 Table illustrating the chi-squared values for 
each of the foreland localities, based on the 
Rs value provided by Theta-Ourve 'PrOf~:ram 
(Peach & Lisle, 1979). . 
T:lheeler (in press) describes a modification of the 
'Shane Factor Grid' of Elliott (1970), to produce a new 
graphical method for displaying strain data on a ~olar graph. 
The 'Shape F&ctor Grid' is a plot of the double-angle between 
the long axis of the strain ~arker and the reference direc-
tion, as the angular cooriinate, and ~ln (~{ial ratio) as the 
radial cooriinate (E). rhe modification proposed by 
~·.rheeler involves plotting Sinh 2£ = i(R - ~) instead of 
iln R, as the radial coordinate, Fig. 3.13. This modifica-
tion results in all points moving alon~ straight parallel 
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lines T,,·hen a strain is inposed. The hyperbolae on the grid 
are separated by constant In R increments of 0.2. 
FIG. 3.13 
I 
o 
I 
5 
I 
10 
The modified 'Elliott Grid'. The scale 
shows the radius in terms of R. 
Increment in R along Y-axis is 0.2; 
increment in In R for hyperbolae is 0.2. 
To ~lot a strain marker on the T/':heeler grid., the angle 
between the long axis of the strain marker and the reference 
direction (8) is doubled (28) and measured anticlockwise 
fran th:3 iatum to give the rayon whicn the point will lie. 
The radial coor1inate is simply calculated as +(3 - i ). 
:'he strai!led d.istribution can be unstrained 'oy i::lposin~ an 
ad1it~onal strain (1/a
S1
8s) on a distribution which has been 
deformed by a strain (Rs 8s). The strained plots illustrate 1 
a 'best-fit' set of ellipses for equal values of ]i, 
accordinc to the nUr:lerical result of Rs fro~ the Shir:w .. :;;oto 'x. 
Ikeda met~od. Simply, these elli~ses represe~t strained 
distributions that Drior to deforMation lay in a circle 
around the ori~in. They are therefore the analocues of the 
'onion-curves' of Dunnet (196~). It is important to note 
that they do not represent the finite strain ellipse for the 
strained distribution. ~ neasure of the spread of the 
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axial ratios in the initial distribution, 'the distribution 
spread invariant' (J), can be calculated from the unstrained 
distribution and J = -~ avo (Ri + 1/Ri ). Clearly, if the 
Hi value of all of the strain markers was 1 then the J value 
will also be 1. The J values for the foreland strain 
localities are illustrated in Table 3.3. 
'Shimamoto & Ikeda' 
Localit;y Rs Direction J 
96816348 1.05 078 1.02 
96776371 1.03 061 1.03 
96646360 1.07 063 1.03 
96806323 1.00 1.01 
96806355 1.07 049 1.02 
97036309 1.07 054 1.02 
96366307 1.06 080 1.02 
96896310 1.06 073 1.03 
97026294 1.12 062 1.02 
96946303 1.03 054 1.03 
99456475 1.11 075 1.02 
99156450 1.02 028 1.02 
TA3LE 3.3 Foreland Pipe Rock localities illustrating 
J values. 
The values of Rs and the principal extension directions 
deri ved from the 'rheta-Curve method are certainly supported 
by the equivalent results from the Shima~oto & Ikeda method, 
Table 3.1. The major discrepancies occur in the case of 
the 3 localities wl.iich sho\'j very lo~" strain and in which 
the '1'heta-Curve program appears to choose a principal 
extension direction close to the reference direction. 
Therefore the values from the Shimamoto & Ikeda method are 
used for the strain maps throughout this chapter. It is 
felt that the close similarity bet~leen values derived from 
both the 'Theta-Curve' and 3himar:loto& Ikeda methods sugG?ests 
that there is a small strain present within the zone 
iL~ediately below the imbricate fan floor thrust. The 
amount of layer parallel shortening or extension varies 
betvJeen (ftr; and 3,/., and there is strong evidence for a small 
component of layer normal shear within this part of the 
foreland. 
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Havin~ introduced the methods used to assess the finite 
strain within the Pipe Rock, the strain within the imbricate 
fan will now be examined. 
(ii) Strains within the i~bricate fan 
The topographic level at which Pipe Rock is exposed 
within the iTIbricate fan is determined by the level of the 
floor thrust. In the S, on Sgurr Dubh, the horses are 
typically exposed as 'rorridonian sandstone and Lower 
~uartzite. In the N, in the region of the Beinn Eighe 
Nature iteserve, virtually all of the exposure between sea 
level and 600 m is composed of Pipe Rock. This allo1,ys 
deter"1ination of the strain at numerous positions within the 
Pipe ~ock formation and hence in numerous positions within 
the imbricate geometry framework. 'rhe local geo'11etry and 
strain is described from N to S within this region. The 
strain localities have been grouped into ~ separate zones 
for ease of description; the northernmost of these zones 
is illustrated in Fig. 3.14. 
64 
FIG. 3.14 
64...: 
N 
1 
I 
Location of the northernnost strain localities 
within the imbricate fan. 
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The internal geo~etries of horses in the Beinn Eighe 
Nature Reserve region are characterised by the presence of 
anticlines in the hangingwall to imbricate thrusts. 
Interlimb angles of between 80° and 110 0 are common, 
suggesting folds resulting from differential movement or 
differential propagation of thrust surfaces. More open 
folds with interlim.b an§Sles nearer to 150 0 - 160 0 also occur 
in the hangingwall to imbricate thrusts and these may be 
structurally necessary flexures due to slip of the horse 
along a flat-ramp-flat foot,vall. It is nm'l possible to 
assess the variation in lon~itudinal strain within a horse. 
The finite strain ratios and principal strain direc-
tions from these northern localities are presented in 
Table 3.4. The strain ratios are plotted against the 
orientation of the long axis of the strain ellipse in 
Fig. 3.15. 
'Theta-Curve' 'Shimamoto & 
iI o. of P-(eda/T.Jheeler I 
Locality Fig. 
-
Pipes Its Direction Rs Direction 
99786344- 3.16 200 1.13 090 1.09 092 
99646331 3.16 55 1.27 036 1.21 039 
99506317 3.17 205 1.04 112 1.07 112 
99486350 3.18 49 1.11 054 1.07 056 
99356337 3.18 60 1.06 111 1.07 097 
99166339 3.19 116 1.12 062 1.14 062 
99326349 3.19 14-7 1.12 037 1.13 037 
99356360 3.20 94- 1.15 065 1.11 067 
99396354- 3.20 197 1.05 04-1 1.03 042 
99426362 3.21 196 1.13 898 1.12 100 
99556374- 3.21 314- 1.17 071 1.10 073 
98886298 3.22 58 1.27 04-0 1.23 039 
9860624-9 3.22 83 1.12 057 1.09 065 
98956320 3.23 388 1.10 050 1.08 046 
00816317 3.23 187 1.20 083 1.22 084-
TA3LE 3.4 Rs values and principal strain directions for 
localities illustrated in Fig. 3.14-. 
J 
1.03 
1.03 
1.04 
1.03 
1.04 
1.03 
1.03 
1.02 
1.02 
1.02 
1.03 
1.03 
1.03 
1.04 
1.02 
the 
AssQ~ing a deformation sequence of longitudinal strain 
followed by simple shear, Fig. 3.15, the m~~imum layer parallel 
shortening co~ponent is sho\~Tn by localities (99646331), 
(99326349) and (98886298). In each case fi is between 0.8 
and 0.9 indicating a layer parallel shortening component of 
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between 1~, and 20i •• ~he finite strain ellipses at these 3 
localities show si~ilar orientations, suggesting similar 
components of layer no~al shear (from Fi~. 3.15, Y2 < 0.25). 
Lo~alities (99326349) and (98886298) are situated near to the 
axial trace of hangin~~all anticlines situated above imbricate 
thrusts. This is significant; it suggests that internal 
deformation may account for between 1~o and 2~~ layer parallel 
shortening within the Pipe Rock prior to buckling and subse-
quent development of a thrust through the fold. In the case 
of locality (99646331), the layer parallel shortening may 
result from localised differential movement within one horse. 
There is good evidence for differential movement from the 
large scale geonetry. To the HE of this locality a sip;-
nificant hangingwall anticline in Torridonian sandstone and 
Lower (~uartzite is well exposed but is not a continuous 
structure to the SH; differential movement within this horse 
may have led to localised zones of layer parallel shortening. 
Growth of this h~~gingwall fold m~y have led to a small 
dextral shear within the horse. This idea is supported by 
the orientation of the strain ellipse at all 3 localities; 
each shows evidence for a small dextral shear superimposed 
on between 10% and 20/(. layer parallel shortening. 
High values of layer "9arallel extension are also 
suggested by localities (00816317) and (99426362) situated 
in the footv-Tall to a maj or i:nbricate thrust, bet"Jeen 20 m 
and 50 m below the thrust surface. The II values sug~ested 
by these localities are between 1.1 and 1.2, indicatin~ 
between 1~~ and 2~o layer parallel extension. The position 
of these localities relative to the overlying thrust surface 
may not be significant; however, their position relative to 
the underlying thrust surface, 1,o'hich determines the geometry 
of the horse and hence the internal strain, is likely to be 
:i1nportant. At this stage it will be noted that there is 
stron~ evidence for layer parallel extension developing within 
a horse above or behind the ranp. 
A small component of layer parallel extension within a 
horse is su~~ested at localities (99506317) and (99786344) 
where there is a Ii component of between 1.02 and 1.10, 
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indicatin~ between ~f and 10/0 layer narallel extension prior 
to a small layer nor~al shear. It must be noted that these 
2 localities occur within 200 m of locality (99646331), 
which sh01.-rs evidence for up to 20% early layer parallel 
shortening. The defor~ation within this horse is therefore 
hetero~eneous; t~is heterogeneity is clear froo the strain 
map, Fig. 3.24, which shows varying components of layer 
FIG. 3.15 
CD 
-
c: 
o 
:.c 4 
to 
... 
c: 
QJ 
'-
1.5 
1.5 
2 3 
2 
Ratio 
3 4 
Strain ratio plotted against the orientation 
of the long axis of the strain elliuse relative 
to the movement direction for the localities 
of Fig. 3.14. 
normal shear and longitudinal strain for similar structural 
positions within a horse. It is therefore clear from the 
most significant strain results from this northern zone that 
a localised zone of layer parallel shortening may develop 
and lead to subsequent buckling prior to development of a 
thrust across this zone. There is evidence for a significant 
component of layer parallel extension within the horse above 
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or behind the ramp. Differential movement and hence layer 
Dor~al shear is develoued heterogeneously throughout the 
area Shovffi in Fig. 3.14, and is also suggested by the sinuous 
axial trace of the hangingwall anticline in the NS of this 
area. The data from the 15 localities examined in this 
northern area of the Eeinn Eighe Nature Reserve is illustrated 
as 'Rf/Phi' ani '~-!heeler' plots in Figs. 3.16 to 3.23. 
The finite strain on a plane parallel to bedding has 
been deter~ined at a further 10 localities immediately to the 
S of the area shmvn in FiPl;. 3.24. The locali tie s are 
illustrated in Fig. 3.25 and the results of application of 
the 'Theta-Curve' and 'Shimamoto & Ikeda ~ethods are ~resented 
in Table 3.5. ':"tf/Phi' and ""heeler' plots are illustrated 
in Figs. 3.26 to 3.30. 
~he maximu~ layer parallel shortening component observed 
within this area is approximately 0.89, at locality (98746146), 
Fig. 3.28, suggesting approximately 117£ layer parallel 
shortening at this position wi thin this horse. 'rhis con-
trasts with the following 3 localities within the saMe horse, 
(98726188), (93756177) and (98726169). These 3 localities 
show evidence for defor~ation sequences of laye~ parallel 
extension followed by simple shear, simple shear only and 
layer parallel shortening followed by simple shear. All 4 
of the localities discussed here occur witnin one horse in a 
position above or behind the underlying ramp. 
It is clear that the strain within individual horses 
at similar structural positions is heterogeneous. The 
strain map for this area is shown in Fig. 3.32. The early 
layer parallel shortening component at these localities 
varies betiveen Z~ and 11%, and the early layer parallel 
extension varies between 0% and 1o;~. 'rhe locality which 
suggests the ~aximum layer parallel extension component is 
(98726188) which is referred to above and suggests extension 
within the horse in a position above or behind the ra~p. 
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FIG. 3.23 'Rf/Phi' and '\:heeler' plots for localities (<)8956320) and (00816317). 
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Strain map of the northern part of the 3einn 
Eighe I~bricate Fan in the region of the 
3einn 3ighe i~ature Reserve.-
Although the 2 sets of finite strain results for the 
3einn Eighe lTature Reserve area, presented in Tables 3.4-
and 3.5, appear to be similar in ter~s of their hetero-
ge~eity, it is ~oticeable that there is a slight decrease 
in the component of early lon~itudinal strain from up to 
201L in the t~ to a maximum value of near to 101~ in the ;3. 
This occurs over an along strike distance of approximately 
2 km. ~he occurrence of zones of buckling within the 
horses and hence development of han~ingwall folds is greater 
in the northern sector than it is in the S. This percept-
ible gradation in the decrease in early ductile thickening 
to the S is coincident with an increase in the depth of the 
floor thrust to the imbricate fan from l~ to S. These 
observations suggest that varia~le components of longi-
tudinal strain and layer normal shear are closely linked to 
the level of the imbricate fan floor thrust. 
Locality 
98726188 
98756177 
98806265 
98726169 
9874-6146 
99056141 
99346211 
99096174 
99596226 
99846206 
':r~.,.JE:::: 3.5 
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Location maD of the strain localities 
presented in Table 3.5. 
I 'rheta-Curve' 'ShiP.1a~oto & 
IT o. of :keda/':heeler I 
Fig. Pipes Its Direction Rs Direction 
3.26 61 1.15 089 1.13 092 
3.26 101 1 .1 L~ Ot:;2 1.14- 066 
3.~7 64- 1.10 076 1.08 082 
3.27 101 1.15 051 1.11 054 
3.28 99 1.17 029 1.14- 031 
3.28 63 1.06 024- 1.06 027 
3.29 145 1.12 068 1.11 067 
3.29 100 1.18 060 1.12 061 
3.30 64 1.02 018 1.04- 04-7 
3.30 102 1.03 123 1.C6 130 
Rs values ~~d principal strain directions for 
localities illustrated in FiC. 3.~5. 
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FIG. 3.29 '~~f/l-)hi' and I ,heeler' plots for localities (99340211) and (99096174). 
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Further finite strain studies within the Pipe Hock have 
been carried out in the south of the study area between the 
Beinn Ei~he ridg:e and Sgurr Dubh (lJG97905570), and al so wi thin 
the half-window to the north of Kinlochewe. The results fro~ 
these 2 areas will now be presented. It is clear from the 
precedin~ description of the finite strains within the Pipe 
Roc~ to the north of the 3einn Eighe rid~e that ~he strain 
within in1ividual horses is heterogeneous and before strain 
contouring c~~ be conte~plated it is essential to gau~e the 
de~ree of heterogeneity. In order for this aspect of the 
study to be meaningful it is necessary to assune that the 
strain is homogeneous on the scale of the portion of the out-
crop that has been photographed. It was decided to investi-
gate the finite strain variation within individual localities 
by takin~ 2 photographs at a 1 m - 10 m separation, at 2 
localities within the southern part of the stujy area and at 
3 localities in the half-window to the :J of Kinlochewe. 
'rhe results from the region oetvleen the oeinn Sighe 
rid~e and Sgurr Dubh are now presented; the location map, 
?ig. 3.33, indicates the position of the strain localities. 
:'he '3f/?hi' and' neeler' plots for the 10 localities within 
this re~ion are illustrated in Figs. 3.34 to 3.39. 
F~G. 3.33 Location map of strain localities in the region 
betv.'een the 3einn Eighe rid&!e an:i Sgurr Dubh. 
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trIG. 3.34 'rff/.:.·hi' and 'lJheeler' plots for localities (95695954) and (96535965). 
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FIG. 3.37 'nf/Phi' and ' . .'heeler' plots for localities (00135867) and (99975833). 
....:J. 
I\) 
(J) 
A 
-
8 
G.R-00215949 R ~ 
F a 
No. of pipes -179 7 
- 6 
4 
3 
2 
• 
I RFIPHI PLOT' 
Theta [urve:-
RS- 1152 at 15f 
. \. . ~. . - ...   .. . 
.,. .. •• ,h::..~', .:., •• 
•• .- w, •• ~~ _~., ~ 
. ;. .~ .-. '\ .. 
•• 
\ ... • • I. 
. .. • 
-90 -72 -54 -36 -ta 0 18 36 54 72 90 
• 
I 
• 
-90 
G.R-00135879 R 
F 
No of pipes - 199 
• 
. ',\ 
• 
• 
• • • 
-72 -54 -36 -18 
6 
5 
4 
2 
0 
RF/pH/ PLOT' 
Theta [urve:-
RS-1268 at 061.° 
• 
, 
• i=!i. ~ . " .. . : ... 
.. '·l'-. ,-' 
••• .7 •• 
.. ~ . 
18 36 54 72 90 
Strain ratio is 
Strain ratio is 
MODIFIED 'ELLIOTT 
1.121 at 
1.267 at 
PLOT' 
• 
150 0 
'ELLIOTT 
PLOT' 
061° 
UNSTRAINEO 
UNSTRA/NED 
]:i'IG. 3.38 'Rf/Phi' awl " .. heeler' rIots for localities ((;0?15949) and (001:55879). 
....:,. 
I\.) 
~ 
A 
B 
GR-OOZ35843R ~t . iIF/PHI KOT' 
F 8 Theta [urve:-
No. of pipes-94 7 0 
- 6 RS - 1.202 at 094 
5 
, 
0 
2 
• • • 
• 
•• ••• • ). -. .. ". - • •• • ~-".- .... -.- . ..." './..,. 
••• • • •• · . -.. • 
-90 -72 -54 -36 -18 0 18 30 54 72 90 
PHI -11 
10 {iR-00235843 R 9 
F 8 
No. of pipes _ 129 7 
- 6 
• • • ~: I··.. . ., ": ... -
-.. - ,-c ". • \ • t , 
• • •• 
4 
JI-
2 
• 
'RF/PHI PLOT' 
Theta [urve:-
RS -1.23 at 0940 
• 
. .. ~ ..
.- .-
• •• ••• • • 
• 
-!IO -72 -54 -36 -18 o Ie 36 54 72 90 
r 
01 
I HODIFlfD 'ELLIOTT I 
PLOT' 
0 
Strain ratio is 1,.153 at 096 0 
, 
'-1· 0 1 1 
HODIFlfD 'ELLIOTT 11 
PLOT' 
,-:. ._~ " I ~ 1 0 
Strain ratio is 1.197 
o 
at 094 
PHI -.!.~ h ~ -21 
FIeT. 3.39 'lif/Phi I and I '.~heeler' plots for locality (00235343). 
UNSTRAINfO 
0 ~ f\) 
CO 
UNSTRAlNfD 
• 
o 
- 129 -
The results of application of the 'Theta-Curve' and 
'8himamoto & Ikeda' methods are illustrated in Table 3.6 and 
the strain man is presented in Fig. 3.4-0. 
'Shimarnoto & 
'Theta-Curve' 
~To • of Ikeda/\.vl1eeler' 
Locality 
95695954 
96535965 
97005981 
96385523 
98045896 
98045896 
00135867 
99975833 
00215949 
00135879 
00235843 
00235843 
·T.rl..3LE 3.6 
FIG. 3.40 
Fig. Pipes Rs Direction Rs Direction 
3.34- 4-8 1.09 046 1.06 056 
3.34- 68 1.12 035 1.11 844 
3.35 26 1.16 102 1.08 113 
3.35 117 1.11 103 1.13 111 
3.36 114 1.07 166 1.07 167 
3.36 288 1.07 101 1.08 108 
3.37 58 1.23 092 1.22 094-
3.37 101 1.12 172 1.10 171 
3.38 179 1.15 151 1.12 150 
3.38 199 1.27 064 1.27 061 
3.39 129 1.23 094 1.20 094 
3.39 94 1.20 094 1.15 J96 
Rs values a~d principal strain directions of 
56 
localities illustrated in Fig. 3.33. 
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Strain map of the region beti'leen the 3einn 
Eighe ridge and 3gurr Dubh. 
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~he ~ost i~~orta~t results from this area occur ir. 
the '"2ost easterly exoosed horse at the follm,rinf, 4 strain 
localities: (00215949), (00135879), (00135867) and 
(00235843). Localities (00235843), (00135867) and 
(00215949) show evidence for between 1% and 2~. layer 
parallel extension, vT values of betvreen 1.01 and 1.20 
are inferred from Fig. 3.L~1, followed by a small component 
of layer parallel shear. Locality (00135879) shovrs 
evide'1ce for anproxi !lately 8)" layer parallel shortenin~, 
IT= 0.94, followed by a layer nor~al shear co~ponent of 
Y2 = 0.24. 
71(;-. 3.41 
-CD 
c 
o 
-ro 
-c OJ 
c-
o 
J 
1.5 2 J 
Ratio 4 
Jtrain ratio plotted against the orientation 
of the long axis of the strain ellinse relative 
to the ~ovement direction for the localities 
illustrated in FiE. 3.33. 
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These results illustrate further the hetero~eneity 
of strain within individual horses, all 4 localities are 
situated above the underlying foot"rall flat, this seFillent 
of the ha'l.ging1"lall having slipped alon~ the ranD segnent 
of the underlying thrust surface. The amount of lonFi-
t"'.1.dinal strain and layer normal shear observed within the 
horse is assessed in terms of the geometry in Section 3.2. 
Two photographs were taken at locality (00235843) at a 1 m 
se~aration to assess the strain heterogeneity. The 
results attained from these 2 photographs show similar Rs 
values (1.15 and 1.20) and principal direction of strain 
(096° and 094°), suggesting a IT variation of apnroxi'"'lately 
2/> - 7t'~ and an insi~ni.ficant Y 2 variation. 
Im~ediately below this horse, locality (99975833) 
shows evidence for approxLnately 57~ layer parallel s~ortening 
followed by a ver~- snaIl layer parallel ·shear component. 
The re~aining 5 localities within this region suggest a 
variation of between 1~ and ~, longitudinal strain within 
individual horse s, all ',Ii th s'1lall component s of layer no rna 1 
shear, see Fig. 3.41. Two photographs were taken at 
locality (98045896) at a 10 m separation to test for strain 
hetero§,eneity, the results (Table 3.6) suggest that the 
strain is significantly heterogeneous over this distance and 
this precludes strain contouring based on the existing 
density of strain localities. 
The 4 strain localities within the half-window to 
the north of Kinlochewe are sho~~ in Fi~. 3.42, and the 
results of application of the 'rheta-Curve' and 'Shimamoto 
S: Ikeda' methods are presented in Table 3.7. 'rtf/Phi' 
and '1:iheeler' plots are illustrated in Figs. 3.Ll.3, 3.44, 
3.45 and 3.46. 
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• FIG.3.4-6 
FIG-3.lt3e I SOOm ~ ...... ) .~e ~v ;; 
04 ~ 05 ~o' "V:- c,,<:,e 
FIG. 3. 4 2 Location map of strain localities within the 
half-window to the north of Kinlochewe. 
,rrheta-8urve' '';:;hima'1oto & 
~J o. of Ikeda/1,Iheeler' 
Locality Fir-- • Pipes Rs Direction Rs Direction J 
04126250 3.43 113 1.02 000 1.00 1.04 
04126250 3. 4 3 101 1.05 047 1.05 0+9 1.03 
04306252 3.44 69 1.13 081 1.12 0,34 1.02 
04306252 3.44 58 1.02 045 1.05 072 1.02 
04556290 3.45 140 1.08 072 1.03 031 1.03 
04556290 3.45 163 1.03 001 1.02 027 1.03 
0469f260 3. 4 6 107 1.03 001 1.03 064 1.03 
R 
1.31 
1.28 
1.23 
1.24 
1.25 
1.26 
1.30 
T_3L~ 3.7 Rs values and principal strain directions for the 
localities illustrated in Fig. 3.42. 
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At 3 of these localities, (04126250), (04306252) and 
(04556290), 2 photo~raphs were taken at 5 m, 1 m and 1 m 
separation respectively. The variation in ~~ at these 
localities is greatest in the case of (04306252) where a 
small amount of early layer parallel extension (1~.: - a,,) is 
inferred from Fig. 3.47. A s~all variation in lon~itudinal 
strain is therefore ~resent over a 1 m separation. The 
lon~i tudinal strain is below 51" for each of the localities 
exanined within the half-window except for locality 
(04306252 - Rs = 1.12); the strain map is illustrated in 
Fif3. 3.48. 
FIG. ,.47 
CD 
-
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Ratio 
4 
Strain ratio plotted against the orienta-
tion of the long axis of the strain elliose 
relative to the ~ovement direction for the 
localities illustrated in Fig. 3.42. 
FIG. 3.48 
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Strain map of the half-window to the north 
of Kinlochewe. 
3.2 SVOLUI'IO:J OF 3I'RAIN ~,/'ITHI:~ TS?U3'I' 3H~ETS 
i1easurement of bed lengths and changes in anF;Ular 
relationships at incremental staf2'es as a thrust sheet slips 
along a flat - ra~p - flat thrust surface de~onstrates that 
defor~ation within the hangin8vall is a conseque~ce o~ sliD 
along the thrust surface. Elliott (137Gb, Fi~. 2), de~on­
strates that a substantial cor:rponent of sim'-:-le shear parallel 
to bedding is a direct consequence of a thrust sheet ~oving 
~ ~ 
along a tl'.l.rust surface up section in the directio!1 of 
motion. Each time the thrust sheet moves over a bu~p or 
obstacle in the base, the entire sheet has to defor~ into 
conformity with the bQ~p so that no voids o~en u~. ~lliott 
envisaged that at low metamorphic grades this deforjation 
would be esse:1tially flexural slip foldL'l'- wi th slidinp" on a 
large number of discrete surfaces throughout the sheet. 
Fischer & ~oward (1982, Fig.6) suggested that beddi:1g 9arallel 
shear strain !nay be di stri buted wi thin the ha:win§,;,'lall above 
the upper footwall flat and also behind the ra~.1p, above the 
lower footwall flat. 
(i) 
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3volution of strain \'li -:hin the i3einn 3i~he 
I:n.bricate Fan 
3tudy of the development of internal defor~ation within 
a thrust sheet, with a vie'oj to est2-0)lishing the strain 
history, requires car9ful oicrostructural vlork to be inte-
grated ':!ith as much field outcrop strain data as possible. 
An essentially 2 dimensional study, atte~ptinr, to develoD 
the Fischer &, em-lard model, would require extensive strain 
sa~pling along the cross sectional length of a thrust sheet 
at nUflerous closely spaced stratigraphic levels. Such a 
detailed stuc.y is outside the sco-pe of this project, hm'lever 
infor~ation on the development of longitudinal strai~ at 51 
1o.ridely spaced localities within the 3einn 3ighe Iobricate 
Fa~ has been presented in Section 3.1. To rulalyse these 
result s a si~plified, 2 dimensional vie':, of a thrus-:: sheet 
and its footwall have been subdivided into 3 sectors, 
FiC. 3.49. The variation in observed lonGitudinal strain 
'Jetween these 3 sectors is now examined. 
Above upper footwall flat 
Above footwall ramp 
Footwall 
FIG. 3.49 Sinplified 2 dimensional geometry of a thrust 
sheet and its footwall, subdivided into 3 
sectors. 
The con.ponents of layer parallel shortenin:J: or layer 
parallel extension, expressed as percentages, are listed in 
Fig. 3.50 for each of the strain localities. The values of 
- 140 -
layer parallel shortening or extension illustrate further 
the heterogeneity of the longitudinal strain. The simplified 
2 dinensional model illustrated in Fig. 3.49 is not applicable 
to all of the horses within the imbricate fan; numerous 
exa~ples of folds which for~ed prior to the developnent of 
thrust surfaces have been described in Chapter 2. 
Fischer & Coward (1982, Fig. 6) present a model which 
examines flexural shear strains near a thrust ramp; their 
model assu~es that all defornation is by bedding parallel slip 
with no layer parallel shortening or extension. There is 
good. evidence from localities (NE 00135867) and (lE-I 00235843) 
that layer parallel extensional strains may develop above 
the hangin~~all ramp as it slips across the upper footwall 
flat. A sinplified 2 dinensional diagram is presented in 
Fig. 3. 51 ,~hich predicts the extension within the thrust sheet 
as it slips from the footwall ramp to the upper footwall flat. 
AssQming co~siste~t sli? along the thrust surface, position 
A in the hanginFwal1 slips to position A', position 3 slips 
to position B', etc. To conserve cross sectional area, 
pris~ A'3'C' must equal area ABC; this involves layer thin-
ning in the prism A'3'C' and consequent extension of the line 
A'e'. This line length extension is equal to ~ in Fig. 3.51, 
e is related to the ramp angle and the displacement by 
e = D sin 2 e. 
-
Detailed :J.icrostructural studies in the :~ishorn region 
of the I:oine '::hrust Zone, approxi::1ately 16 len 33H of the 
3einn Eighe ridge, reveal that there is a negligible component 
of plastic defor:nation within thrust sheets in this area 
(R.?:. Horgan, pers. comm.). It appears that the p;eometric-
ally necessary modification vIi thin the han€ingvlall is 
achieved by a complex system of microfaults and micro-
fractures. This is in contrast to the Heilan r'.:gion of the 
northern Moine Thrust Zone where significant layer parallel 
shear strains, longitudinal strains and layer nor~al shear 
strains have developed during thrust sheet evolution. 
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Footwall Above Upper Above Footwall Flat Footwall namE 
Localit;z ~ ~cL~E %LPS )'';LPE 7~LPS icLPE 
96816348 2 
96776371 2 
96646360 2 
96806323 
96806355 2 
97036309 2 
96866307 2 
96896310 2 
97026294 2 
96946303 2 
99456475 3 
99156450 2 
99786344 5 99646311 17 
99506317 7 99486350 4 
99356337 6 
99166339 4 
99326349 12 
99356360 1 
99396354 2 
99426362 11 
99556374 4 
98886298 19 
98606249 1 
98956320 4 
00816317 11 
98726188 9 98756177 1 
98806265 3 
98726169 4 
98746146 12 
99056141 'J 
'-
99346211 1 
99096174 5 
99596226 3 
99846206 
95695954 4 
96535965 8 
97005981 7 96385523 12 
98045896 
98045896 6 
00135867 12 
99975833 4 
00215949 2 
00135879 8 
00235843 2 
00235843 10 
04126250 
04126250 2 
04306252 8 
043C6252 1 
04556290 2 
04556290 3 04696260 1 
FIG. 3.50 Maximum longit~dinal strain values (~~ layer 
parallel shortening or extension). 
FIG. 3.51 
~ 
A' 
;~implified 2 dimensional model illustratin~ the CA,rlOunt of extension l;lithin 
the hanf-,~:i u€,:;\-Iall usinr: thrust sheet dimensions typical of the ueinn Eighe 
Imhricate Fan. 
~ 
~ 
I\) 
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(ii) Summary 
The presentation of results in this chapter has 
followed the approach first used by Coward & Kim (1981) 
and later of Fischer & Coward (1982). Strains within 
the imbricate systems of the Moine Thrust Zone clearly 
have a complex history, an incremental stage of which 
may be elucidated by reference to simple models such as 
that illustrated in Fig. 3.51. 
A full discussion on the evolution of strain within 
thrust sheets is given in Chapter 6, following Part 2 of 
this thesis. 
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pAR T TWO 
THE PELVOUX - BRI.A.N~ONNAIS REGION OF THE FRENCH ALPS 
Frontispiece E. Pelvoux-Brian?onnais 
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C HAP T E R 
REGIONAL GEOLOGY OF THE PELVOUX - BRIANCONNAIS ~~~~=-~~~~~~----~~~~~~~~~.~~~ 
4.1 REGIONAL dTRA'I'IGRAPHY 
The external regions of the Western Alps are composed 
of several distinct stratigraphic domains which are 
separated from each other by major thrusts. From 
W (external) to E (internal) these domains are: 
1. External Zones (Dauphinois and Ultradauphinois Zones) 
which are laterally continuous with the Helvetic Zone 
of Switzerland. 
2. Internal Zones (Pennine Zones) which are subdivided 
into the Valais, Subbrian~onnais, 3riant onnais and 
Piemontaise Zones. 
These stratigraphic domains are illustrated in 
Fig. 4.1; the following introduction is concerned only with 
the stratigraphical characteristics of the Pelvoux-
Brian9onnais. Excellent regional summaries of '.v'estern 
Alpine stratigraphy and palaeogeography are provided by 
Trumpy (1960), Ramsay (1963) and Debelmas & Lemoine (1970). 
Structural 
FIG. 4.1 Structural zones and palaeogeographic domains 
of the Western Alps. (Slightly modified from 
Debelmas & Lemoine (1970). 
S. & 3. = Subbrian90nnais and 3rianronnais Zones. 
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(i) Brian~onnais Zone 
The external Brian~onnais Zone comprises a pre-
Triassic basement of Carboniferous to early Permian 
sediments and volcanics which are unconformably overlain 
by a late Permian to Tertiary succession (Fig. 4.2). 
FIG. 4-.2 
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,..,. ..... "="="="'=11 Bt.ck .lculOus sh.t .. _ 50,. 
EOC. _= ___ === 
------..;-;,. 
CREr- ::: ::::: 'Calcschistu planctoniques' 
PAL. =: = =: ==- Purpt. - gr .. n sh.l.. - 200,. 
JUR. 1a...-.. _<5a .o_ ....... - - - - - - -/ / 11\ '.Jurassique superieur' / - - i R.d conglo,..r.t .. -41111 
~~~~/~ -- -- -- -- --
717 
" / / / 
/ 
'Trias calcareo -
dolomitiqull' 
Li.utonu. dolollit ... 
/Jr."i.. .nd conglo •• r.t.s 
- 10011. Nil. 
Q.u.rtzit .. - 450. II",. 
PER,.,. -======-::' Ver~a-;;;" --;urPI. --;; .. n-
CARB. '\. 
'Houiller' - - - ~.~ ~._ 
Brian?onnais Zone stratigraphy within the 
study area. 
Numerous detailed descriptions of Brianronnais stratigraphy 
are scattered throughout the French literature, principally 
resulting from the detailed work of the Grenoble research 
group, e.g. Debelmas (1955, 1963, 1966). An 
extremely detailed and precise account of stratigraphical 
variations within the Brianyonnais Zone immediately to the 
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s.w. of the study area is presented· by Debelmas (1955). 
This work emphasises the laterally variable nature of post-
Triassic lithological units and the important thickness 
variations between different nappe units within the 
Brian~onnais and hence suggests the importance of an 
evolving normal fault/tear fault system (extensional basin) 
throughout the Mesozoic. 
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(a) Pre-Triassic Basement 
The pre-Triassic basement of the external Brian~onnais 
Zone consists of a thick (2000-3000 m) development of 
conglomerates, sandstones, shales, coals and volcanics. 
This basement succession is Carboniferous to early Permian 
in age and is termed 'la zone houillere brianronnaise'. 
Fabre et &. (1952) noted that the C"arboniferous shows 
more complex folding than the overlying Permian, suggesting 
that the Houiller was deformed during the late Hercynian. 
In the internal BrianQonnais the basement suite shows 
.\ 
evidence of Alpine metamorphism (e.g. Ambin massif) - see 
Fig. 4.5 - and is unconformably overlain by Permo-Triassic 
or Triassic cover rocks. 
(b) Late Permian to Tertiary Cover 
In the Brian~on region the Houiller is unconformably 
overlain by up to 50 m of unfossiliferous quartz conglomer-
ates and purple-green shales. These are thought to be late 
Permian in age based on lithostratigraphical correlation 
with the Permian of Alpes Maritimes. The basal conglomer-
ates and shales are known as 'Verrucano' and are overlain 
by up to 400 m of white quartzites, 15 m of shales, 
evaporites or cargneule and up to 1000 m of limestones, 
dolomites and carbonate breccias or conglomerates. This 
quartzite-shale-carbonate sequence is Triassic in age and 
it provides an excellent comparison with the strati~aphically 
similar continental shelf succession of the Moine Thrust 
Zone, described in Chapter 1, particularly for a study of 
scale, geometry and style of compressional structures 
developed within similar sedimentary successions. 
The stratigraphic variations within the Triassic 
sequence are described by Debelmas (1955). Distinct 
lithological thickness variations are evident from W to E 
within the following nappe units, the 'Roche-Charniere 
nappe', the 'Champcella nappe' and the 'Peyre-Haute nappe'. 
These thrust sheets are described from a geometrical point 
of view in Chapter 5 and from this description it is 
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possible to derive a reasonably constrained estimate of 
the original distance between the measured sections of 
Debelmas (1955). This leads to a constrained picture of 
the geometry and displacement on pre-Alpine extensional 
faults. 
Sedimentation between the late Triassic and late 
Cretaceous was extremely localised within the external 
Brian?onnais Zone, characterised by accumulations of 
breccias and shales, which in many cases are located near to 
extensional faults which were active in the Triassic. Thin 
developments of Liassic, Oxfordian and early Cretaceous are 
described by Debelmas (1955) and Barfety (1965, 1967). 
A thick sequence (up to 500 m) of late Cretaceous 
calcareous shales, termed 'calcschistes planctoniques', 
were deposited across the underlying Triassic and Jurassic 
substratum, a rapid thickness increase occurs from W to E 
within the northern part of the study area and appears to 
be a result of late Cretaceous movement on extensional 
faults. These calcareous shales are overlain by Eocene 
'Flysch noir', a sequence of dark coloured shales and 
sandstones which represent the basal unit of a thick 
synorogenic turbidite dominated Eocene sequence. 
r e. g. 0 e b e { mas 8- L em 0 in e, 1 970 J 
Classic structural interpretationsAwhich are based on 
almost one century of field mapping, stratigraphical 
analysis, palaeogeographic reconstructions and structural 
geometrical appraisal have resulted in the popular idea 
that the Flysch noir was originally overlain by the 
'Embrunais Flysch' which slipped towards the W into its 
present position during Alpine compression. The original 
stratigraphic position of the Embrunais nappes is a crucial 
problem which has to be resolved to unravel the interplay 
between movement on thrusts which branch off compressional 
detachment systems and major faults which cut down through 
stratigraphic successions. 
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(ii) Subbrianronnais Zone 
The stratigraphy of the Subbrianconnais Zone to the 
s 
SE and E of the Pelvoux massif, Fig. 4.3, has been 
described in detail by Debelmas (1955, 1961) and Barfety 
(1965). No pre-Triassic basement rocks are exposed 
within the study area and it is difficult to assess whether 
the Subbrian~onnais substratum was pre-Hercynian 
crystalline basement or Carboniferous sediments similar to 
the Houiller of the Brianronnais Zone. The oldest 
Subbrianronnais rocks exposed within the Brian?on region 
are Triassic dolomites, evaporites and cargneule. Early 
Jurassic sedimentation was restricted within the Sub-
brian~onnais Zone suggesting that late Triassic - early 
Jurassic extensional faulting may have controlled 
Subbrianronnais sedimentation. As a result the 'Lias' is 
not well developed within the study area and it is usual for 
middle Jurassic ('Dogger') sediments to overlie the Trias. 
The 'Do~ger' is typically represented by up to 100 m of 
dolomitic limestones and breccias which have yielded 
Bathonian fossils. 
A thin development (up to 50 m) of black shales 
commonly overlies the 'Dogger' and sediments of this type 
occur within the study area to the N of Col du Galibier and 
near to Col de l'Eychauda - see the maps enclosed in the 
back pocket of this thesis. To the N of the study area 
these shales overlie a thick conglomerate sequence, thought 
to be Callovian in age and termed the 'breche du Telegraphe'. 
The early Cretaceous is well developed within the 
area and up to 75 m of thin limestones and calcareous shales 
have been dated as Neocomian in age; these sediments are 
well exposed in the Pont de l'Alpe and Galibier regions 
(see geological map). Late Cretaceous to early Tertiary 
'calcschistes planctoniques' overlie Neocomian or older 
sediments; these calcareous shales are very similar to the 
equivalent rocks of the Brianconnais Zone and may have been 
.) 
deposited in the same basin. World-wide sea levels were at 
a high peak for much of the late Cretaceous (Vail et ~. 
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1977) and it is likely that the Subbrian90nnais and 
Brian10nnais basins were transgressed in the early 
Senonian, losing their distinction as individual 
depositional basins. 
Tertiary sediments within the Subbrianconnais Zone 
) 
are very similar to those of the Briangonnais Zone. Black 
shales and dark brOvffi sandstones termed 'Flysch noir' 
typically overlie the calcschistes planctoniques. The 
original thickness of Eocene sediments that were deposited 
across the underlying Subbrianronnais and Brian~onnais Zones 
cannot be gauged from a study of the E. Pelvoux region. 
The intricate evolution of compressional structures and 
Eocene sedimentary facies within the Subbrian~onnais/ 
Brian90nnais basin is a fascinating problem which can only 
be resolved by integrating existing knowledge contained in 
French theses and publications, e.g. Latreille (1961) and 
Kerckhove (1969), with new stratigraphical, sedimentological 
and structural fieldwork in the area to the S of the Pelvoux 
massif. This task forms part of the current research 
effort of the Alpine research team at University College, 
Swansea. 
, Flysch Noir ' 
Eocen. 
Calcschistes Planc toniques 
Cretaceous 
, Neocomien I 
, Schistes noir 'oxfordiens' , 
jurassic 
Calcaires de Va((ou;se 
, Lias' 
TrilSSit 
,., ,., 
'Trias' I-50 m 
? ? 
FIG. 4-.3 Stratigraphy of the Subbrianconnais Zone. \ 
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(iii) External Zones 
The External Zones of the French Alps are character-
ised by a thick (up to 7 km) Mesozoic to Tertiary 
succession whic:1. overlies crystalline basement or 
Carboniferous 'Houiller' sediments. In very broad terms 
the external zo~es are subdivided into regional palaeo-
geographic domains based on differences in sediment type 
and thickness. This is illustrated in Fig. 4.1 which 
shows the Dauphinois and Proven9al facies. 
A thin Triassic sequence (up to 50 m) of evaporites, 
quartzites, sandstones or dolomitic limestone overlie the 
external zone basement. A sustained period of subsidence 
and sedimentation is typical of the external zones from 
late Triassic to late Cretaceous and a complete Jurassic 
and early Cretaceous succession occurs in the Subalpine 
Chains. The lithologies and approximate age ranges of the 
external zone stratigraphy are illustrated in Fig. 4.4. 
FIG. 4.4 
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The External Zones within the study area are termed 
the Ultradauphinois Zone; this term is used to distinguish 
the most internal portion of the External Zones, which 
display complex thrust structures and clearly involve a 
substantial amount of shortening, from the more external 
portions which have not slipped a great distance towards 
the W. This subdivision is not intended to Imply a 
distinct sedimentological or stratigraphic contrast between 
the Dauphinois and Ultradauphinois. However, it is 
sensible to expect significant contrasts in thickness and/or 
lithologies between stratigraphic successions which were 
originally a significant distance apart. 
The early Jurassic of the study area is fossiliferous 
and a complete 'Lias' and lower part of the middle Jurassic 
are represented between the La Meije and Combeynot massifs 
(Gidon 1954). No Cretaceous sediments occur within the 
external zones of the study area. This may be a result of 
tectonic removal of the Cretaceous during Alpine thrusting, 
an irregular Hercynian relief of basement massifs or 
Cretaceous extensional faulting being confined to the W of 
the external zone crystalline massifs. Eocene flysch 
(Aiguilles d'Arves Flysch) is unconformable on crystalline 
basement or Jurassic limestones and shales to the E and N 
of the Pelvoux massif; similar relationships occur between 
the IGr~s du Champsaur' and underlying rocks to the Sand W 
of the Pelvoux massif (Harwood, pers. comm.). The 
stratigraphic and structural relationships within the 
external zones are described in more detail in Chapter 5 
with a view to unravelling the timing of thrusting and 
Eocene sedimentation. 
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4.2 REGIONAL STRUCTURE 
The structural evolution of the Western Alps has been 
a major research interest since the classic studies in the 
early years of this century, e.g. Argand (1916). Almost 
70 years later no consensus of opinion has emerged 
concerning the evolutionary sequence, timing and movement 
direction of Alpine thrust systems. This point is perhaps 
best illustrated by the conflicting ideas of Ricou & 
Siddans (in press) and Butler et ale (in press), where two 
apparently irreconcilable views are presented concerning 
the structural evolution of part of the Western Alps. 
Fortunately every Alpine geologist is in agreement 
on the present-day distribution of structural zones and a 
structural map which is based on Fig. 1 of Debelmas & 
Lemoine (1970), is illustrated in Fig. 4.5. 
N 
1 / 
Grlllobli • 
Extlrnll 
I1011lse Iliins 0 Pennine 
Alpinl intrusives 0 Aus tro -
A 
B"I"'lnl Covlr 
W:ifW1t1J 
FIG. 4.5 Structural subdivisions of the Western Alps. 
(Slightly modified from Debelmas & Lemoine (1970), 
A = Ambin massif). 
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The intention of this short review is to outline the 
existing structural interpretations of the Pelvoux-
Brianyonnais and to summarise previous research in this area. 
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(i) Brian90nnais and Subbrian~onnais Zones 
The structural geology of the Brian?onnais and 
Subbrianronnais Zones in the classic region near to 
Briancon has been the subject of several research theses 
'" in recent years, e.g. Debelmas (1955), Barfety (1965) 
and Tricart (1980). The detailed field observations 
and interpretations of these workers provide an excell ent 
structural framework around which to test the applicability 
of currently fashionable geometrical principles in 
unravelling fold and thrust structures and predicting the 
deep structure of thrust terrains. The study areas of 
the above authors are illustrated in Fig. 4.6. 
FIG. 4.6 
htl,",! Ion .. 
...... "" ~ 
Cewer c:::::J 
Approximate study areas of Debelmas (1955), 
Barfety (1965), Tricart (1 980) and Davies (1 983). 
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The area studied by Barfety (1965) corresponds almost 
exactly with the study area of this thesis, the work of 
Debelmas (1955) and Tricart (1980) covers the region to 
the Sand SE of the Pelvoux massif. The Ph.D. thesis 
of Davies (1983) is partly concerned with the structural 
geology of the Brian~onnais Zone immediately to the NE 
of the study area; this work of Davies is the first 
attempt to apply a modern geometrical approach to 
deciphering the structural evolution of the Brianyonnais 
Zone. Her study area is also illustrated in Fig. 4.6. 
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(a) Thrust sheets (nappes) within the Brianconnais Zone 
• 
The nappe assemblage within the Brian~onnais Zone is 
traditionally described as comprising 5 distinguishable 
nappe units which are listed below. The structurally 
highest and most internal 'nappe' consists of the 'ecailles 
intermediaires', the structurally lowest and most external 
nappe is the 'Roche-Charniere nappe', Fig. 4.7. This 
diagram is compiled from Sheet 189 of the Carte Geologique 
Detaillee de la France (Briancon - 3rd edition). 
s 
1. Roche-Charniere nappe (structurally lowest) 
2. 
3. 
4. 
5. 
Champcella nappe 
Peyre-Haute nappe 
Assan nappe or Brianconnais interne 
~ ~ 
Ecailles intermediaires (structurally highest) 
The existing geometrical interpretations are now presented. 
The eastern limit of the Brian~onnais Zone is marked 
by the tectonic contact between the Brianqonnais and 
Piemontaise Zones, see Fig. 4.~ This contact has pre-
viously been internreted both as a backthrust and as a 
- fDebclmas et.a{ 1980). backfolded foreland directed thrust A Two cross sections 
which illustrate the geometrical relationships between the 
Piemontaise Zone and the underlying Brianronnais nappes are 
presented by Debelmas et ale (1980~ p.110 & p.111, Figs. 
5.2 & 6.1). These cross sections are combined in 
Fig. 4.8(A). An attempted restoration of these cross 
sections, Fig. 4.8(B) illustrates the amount of implied 
tectonic shortening and also highlights the geometrical 
problems within the original cross sections. The approxi-
mate position of the section lines of Debelmas et ~. (1980) 
are illustrated in Fig. 4.7. 
The exposed portion of the Brian10nnais Zone in 
Fig. 4.8(A) consists of 2 major thrust sheets, a higher 
thrust sheet (ecailles intermediaires) and a lower sheet 
which constitutes the bulk of the Brianyonnais Zone on this 
section line. This lower sheet is termed the 'Champcella 
nappe' in the region structurally below Serre Chevalier, 
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Fig. 4.8(A), and the 
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FIG. 4.7 Classical nappe nomenclature for the 
Briancon region. 
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The geometrical relationships between the external 
Brianconnais 'nappes' and the underlying Subbrianconnais 
~ ~ 
Zone are illustrated by Debelmas et al. (1980, p.111, 
Fig. 6.2). A slightly modified version of this diagram 
is presented below as Fig. 4.9; the approximate positions 
of the corresponding section lines are indicated in 
Fig. 4.7. 
Ski 
In Utes 
l ' Argentitre 
I 
Pic de la Tome 
I 
Brian~onn.is cove r 
Houi ller 
Nt 
-...r~_ I "><!=:-,,~= 
T 
Subbrlan~onnais 1 kill 
Cre tHeous 
Trlisslc 
Houilltr 
FIG. 4.9 Geometrical r~lationships between the external 
Brianconnais 'nappes' and the underlying Sub-
brian90nnais Zone in the region near to 
l'Argentiere-la-Bessee (Durance Valley). At 
l'Argentiere the Brian?onnais 'nappes' have 
been eroded to expose a window on the Sub-
brian?onnais Zone - the 'fe~tre de 1 'Argentiere , • 
Slightly modified from Debelmas et al. (1980, 
p.111, Fig.6.2) ----
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(b) Thrust sheets within the 
eu 
The structure of the Subbrianyonnais Zone within the 
study area has been described by Debelmas (1955) and 
Barfety (1965). To the north of the study area, in the 
region of St. Jean de Maurienne, the Subbrian10nnais Zone 
is structurally subdivided into 'ecailles externe', 
'ecailles interne' and 'zone des Gypses', following the 
detailed research of Barbier (1948) who studied the 
Ultradauphinois and Subbrianponnais Zones between the Arc 
and Isere valleys. This subdivision is not applied to 
the 3rianron region, where the outcrop width of the Sub-
brianronnais Zone rarely exceeds 2 km - see Fig. 4.7; 
however, distinguishable nappe units have long been 
recognised within the Subbrianronnais Zone of this region 
and their geometry is described in Chapter 5. 
(ii) External Zones 
The external zones of the E. Pelvoux region comprise 
a complex thrust succession of pre-Triassic basement, 
Triassic to middle Jurassic 'Ultradauph~nois' cover and 
Eocene turbidites and conglomerates - 'Flysch des Aiguilles 
d'Arves'. Fieldwork which was carried out in the early 
part of this century established these facts and led to 
subsequent debate concerning the sedimentological, strati-
graphical and structural evolution of the E. Pelvoux area, 
e.g. Gignoux & Raguin (1932) and Gignoux (1936). Local 
problematic areas were quickly isolated and the timing 
of thrusting within the Ultradauphinois Zone relative to 
the deposition of the Eocene Flysch is still argued, 
e.g. Bravard & Gidon (1979) and Beach (1981b). 
The geology of the southern and eastern margins of 
the Pelvoux massif was described in great detail by Gidon 
(1954) and the work of Vernet (1965 & 1966a) resulted in 
recognition and detailed descriptions of imbricate zones 
and complex fold and thrust geometries within the E. Pelvoux 
region. There were further structural investigations 
during the 1970s, e.g. Gratier, Lejeune & Vergne (1973), 
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Bartoli ~~. (1974) and Gratier & Vialon (1980) which 
contributed very detailed textural and local geometrical 
observations and interpretations to the pre-existing 
geological base, established by the work carried out in 
the first half of the century. 
Beach (1981a, 1981b, 1981c & 1981d) presented new 
structural information involving strain data and thrust 
sheet geometry to examine the structural evolution of 
thrust sheets within the Ultradauphinois Zone. The 
complex pre-compressional geometry of this region is 
emphasised by Beach and described by Davies (1982). 
Butler et ~. (in press) integrate the results of recent 
field mapping within the Dauphinois and Ultradauphinois 
Zones to provide a broad estimate of orogenic contraction 
and an interpretation of how individual thrust systems 
link along the strike of the belt. 
A comprehensive account of the detailed geological 
relationships between the Ultradauphinois Zone and the 
Aiguilles d'Arves Flysch in the region to the N of the 
Pelvoux massif is presented by Barbier (1948). Complex 
fold trends within the Flysch in the region near to 
Mt. Charvin - see Fig. 4.10 - are described by Barbier and 
Barfety (1972) and Antoine ~~. (1978) investigate the 
relationship between the Flysch and the overlying Valais 
Zone in Savoie. 
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- --
FIG. 4.10 Structural configuration of the external zones 
of the French Alps, illustrating crystalline 
basement massifs, fold trends and wrench faults 
(decrochements) within the Mesozoic cover. 
(modified from Goguel, 1963). 
M.C. = Mt. Charvin. 
The geology and structure of the Pelvoux-Brianponnais 
is long established and well known. However, no published 
account exists which attempts to harness the structure of 
the Ultradauphinois-Brian~onnais Zones in the Brian~on 
region in terms of an evolving tl~st terrain, with particular 
emphasis on the inter-relationship and geometry of folds and 
thrusts to produce constrained estimates of thrust displace-
ments and a picture of the evolutionary sequence of thrust 
systems. This is the subject of Chapter 5. 
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CHAPTER 5 
THRUST SHEET EVOLUTION IN THE PELVOUX - BRIAN~ONNAIS 
This chapter describes the 3 dimensional geometry of 
thrust sheets within the Pelvoux-Brian~onnais and examines 
the evolutionary sequence of folding and fault development. 
For ease of description the Brian90nnais Zone is subdivided 
into 3 sub-areas; from S to N these are: 
1. Montbrison - Serre Chevalier 
2. T~te Noire - Grand A:rea 
3. Grand Galibier 
These sub-areas are illustrated below in Fig. 5.1. 
/-~ 
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/ ( 
f Gra(1d \ 
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------ -I \~\ Montbrison ) 
Brian;on • / I serre " r 
\ Che~alle I 
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\ J 
'--_..-/ 10 km 
N 
FIG. 5.1 Sub-areas within the study region. 
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5.1 BRIAN90NNAIS AND SUBBRIANqONNAIS ZONES 
(i) Movement direction of thrust sheets 
Establishing the movement directions of thrust sheets 
within the Brian90nnais and Subbriangonnais thrust systems 
requires careful assessment of the 3 dimensional geometry 
of thrust surfaces and fold structures in conjunction with 
the orientation of finite strain markers and slip direc-
tion indicators. The arcuate trace of the frontal 
Brian~onnais and Subbrianfonnais thrusts in the French Alps 
and the arcuate trend of folds within these thrust systems 
provides an excellent location to test rival ideas concern-
ing unidirectional and divergent thrust sheet movement 
directions. The solution to this particular problem cannot 
be gained from study of a single area. The contribution 
of this chapter to the current debate on Alpine thrust sheet 
movement directions must be integrated with ideas arising 
from ongoing field studies around the Alpine arc and with 
existing structural interpretations of the Alpine system. 
No localities have been encountered within the study 
area which provide unequivocal proof of a particular move-
ment direction, in contrast to the fortuitous outcrop 
geometries (based on opposed lateral ramp complexes) of 
the Beaufortain region of the French Alps which allow 
almost exact movement directions to be quickly resolved 
(Butler 1983). The problem of movement directions is 
discussed throughout this chapter as the geometrical 
variations within the area are described. It has been 
demonstrated in Chapter 2 that an assumption of a movement 
direction perpendicular to the local strike may be 
incorrect, especially in a region which has evolved by 
slip across Oblique-lateral ramps. 
A contoured stereogram of poles to bedding within 
the Brian?onnais Zone from the whole of the study area is 
illustrated in Fig. 5.2; this initially suggests a movement 
direction towards 265°. However, the orientation of 
structures within the Brianlonnais Zone may have been 
modified by large scale, structurally lower thrusting. 
FIG. 5.2 
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Contoured stereogram of poles to bedding for 
the Brianyonnais Zone within the study area. 
Contours drawn at 1% intervals. 
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(ii) Tectonic shortening, balanced and restored cross 
sections 
The most accurate method of obtaining an estimate 
of tectonic shortening within a thrust belt is to compare 
the length of a balanced cross section with - its restored 
version. The accuracy and applicability of this method 
is determined by the complexity of the pre-compressional 
geometry (which may result in large lithological thickness 
variations), the complexity of the thrust structures and 
the degree of exposure. 
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The stratigraphic variations within the Brian~onnais 
Zone are described by Debelmas (1955); the existing 
structural interpretations partly explain the outcrop 
geometry and the exposure within the study area is 
generally very good. It therefore seems likely that 
attempting to construct balanced cross sections in the 
external Brian!onnais Zone will lead to a well constrained 
estimate of local tectonic shortening. 
The Brianronnais basement (Houiller) is balanced 
using reference lines drawn subparallel to the 'Verrucano'/ 
quartzite unconformity, no attempt is made to unravel the 
Hercynian structures within the Houiller. Shortening 
estimates are based on line length measurement of 
lithological contacts and the subtle adjustments for local 
cleavage development required by an extremely detailed 
small scale balanced section study are not incorporated 
here. 
(a) Montbrison-Serre Chevalier 
Two balanced cross sections have been constructed 
which incorporate the geology of this sub-area. One of 
these cross sections (C-C') extends outside the sub-area 
to illustrate the geology as far W as the frontal 
Brianconnais Thrust. Sections (A-A') and (B-B') are s 
sketch sections which illustrate the outcrop geology and 
are used to establish the geometrical relationships which 
are incorporated at depth onto balanced cross section 
(C-C'). Section (D-D') is a balanced cross section which 
extends from the Montbrison-Serre Chevalier sub-area into 
the Tete No"ire-Grand Ar6a sub-area. All sections are 
drawn in an E-W orientation ± 20° (subperpendicular to 
strike) to cross important structures; the position of 
these section lines is shown in Fig. 5.3. 
Cross section (A-A') - Fig. 5.4, illustrates the 
geometry of the Champcella nappe on a \VNW-ESE section line 
drawn approximately 1 km N of Queyrieres (Fig. 5.3). In 
the W of the cross section the hangingwall to the Champcella 
I 
I 
\ 
\ 
I 
~-~-- .... / 
I -'" 
'-
7 km 
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Thrust is early Triassic quartzite (quartzites werfeniens). 
Approximately 600 m to the ESE the hangingwall is within 
the Houiller and in the position of the Durance valley, the 
Champcella Thrust is likely to be a minimum of 300 m below 
the sub-Trias unconformity. The Champcella Thrust there-
fore cuts up stratigraphic section from Houiller basement 
to early Triassic quartzites from E to W. There is no 
evidence for major imbricate thrusting within the Champcella 
nappe along this section line; shortening within the thrust 
sheet is achieved by buckling above the Champcella Thrust 
and localised cleavage development. The amount of 
shortening within the sheet (on this section line) i.s 
approximately 1.5 km, calculated by a comparative line 
length measurement of the Verrucano/quartzite contact with 
the distance A-A'. 
The complex stratigraphy of the Brianconnais Zone is 
~ 
well illustrated in the E of this cross section in the 
'Peyre-Haute massif' - Fig. 5.4. On the W facing slope of 
this massif the middle to late Triassic carbonates are 
approximately 700 m thick, on the E facing slope they are 
less than 100 m thick, or absent. This is likely to be a 
result of Mesozoic extensional faulting downthrowing to the 
E and this idea is supported by the thick sequence of 
Jurassic-Cretaceous carbonates and breccias on the E facing 
slope of the massif - see Fig. 5.4. The peak of the 
Peyre-Haute massif on this section line is the 'Pic de Jean 
Rey' which is composed of Triassic carbonates of the Peyre-
Haute nappe. Footwall imbricates to the Peyre-Haute Thrust, 
within Triassic carbonates, Calcschistes planctoniques and 
Flysch noir are well exposed on the Crete de Font Froide, 
Fig. 5.3. 
Cross section (B-B') - Fig. 5.5 - is constructed in 
a WSW-ENE orientation approximately 1 km N of Prelles (Fig. 
5.3). Three distinct fault bounded sheets can be dis-
tinguished on this section; these are labelled in Fig. 5.5 
as Sheet (1), Sheet (2) - Champcella nappe and Sheet (3). 
Sheet (3) is exposed as a window of Triassic carbonate which 
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underlies early Triassic quartzites of the Champcella nappe. 
This structurally lowest sheet is included as part of the 
Champcella nappe in the classical French interpretation -
e.g. see Fig. 4.7. The carbonates of Sheet (3) are folded 
into an anticline with an interlimb angle of approximately 
110°; this fold may have grown as a response to sticking 
at a thrust tip line. If so, then it is possible to 
suggest that the Champcella nappe overlay Sheet (3) prior 
to formation of the anticline within the carbonates, as the 
Champcella nappe is folded by it; this is good evidence 
for in-sequence thrusting. It is necessary to distinguish 
Sheet (3) from Sheet (2) and following the traditional nappe 
succession of the external Brianconnais, Deoelmas (1955), 
~ 
Sheet (3) is considered to be part of the Roche-Charniere 
nappe, the structurally lowest of the Brian~onnais nappes. 
The structurally highest fault bounded sheet on cross 
section (B-B'), Sheet (1), is also traditionally included 
as part of the Champcella nappe. The hangingwall to 
Fault (1) in Fig. 5.5 has been projected into the line of 
section from approximately 1 km to the N. Fault (1) cuts 
through an anticline in Houiller to Triassic carbonates in 
the hangingwall and slices through the underlying Cha~pcella 
nappe at a low angle to bedding. This geometry cannot 
develop as a result of conventional foreland directed 
thrusting as the cut-off angles of corresponding litho-
logical units are different in the hangingwall and footwall. 
Fault (1) cuts up and down stratigraphic section in an E to 
W direction and has the geometry of a 'late' out-of-
sequence thrust or extensional fault. These possibilities 
are now examined by combining the geometrical relationships 
of cross sections (A-A') and (B-B') to produce the most 
southerly balanced cross section within the study area 
(C-C') - Fig. 5.6. 
This balanced cross section illustrates the 3 fault 
sheets described from Fig. 5.5, the section has been con-
structed in a similar direction and 700 m to the N of 
(B-B'). rwo major thrust sheets are illustrated: the 
Cha~pcella nappe and the Roche-Charniere nappe. A thrust 
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with a displacement in excess of 1.5 km may exist within 
the Champcella nappe on this section line near to the 
point where the section line crosses the Torrent de Sachas. 
Approximately 4 km to the S, a corresponding blind thrust 
may exist at depth within the Champcella nappe, in the core 
of the major fold illustrated in Fig. 5.4. The struc-
turally highest sheet on the balanced cross section (Sheet 
(1) of Fig. 5.5) is shown to overlie a fault 
which slices through underlying thrust structures within 
the Champcella nappe and is flexured by folding which has 
resulted from movement of the Roche-Charniere nappe. This 
proposed geometrical configuration has important implica-
tions on the relative timing of folding and faulting in the 
Montbrison-Peyre-Haute region. 
The broad sequence of deformation implied by this 
balanced cross section and by section (A-AI) and (B-B') 
is as follows: 
1. Development of a (frontal) ramp from a minimum 
depth of 3.5 km below the sub-'rrias unconformity 
as a splay from a regional, more internal floor 
thrust (or local floor thrust). 
2. Formation of a major buckle within early Triassic 
quartzites and overlying formations as a response 
to stick on this thrust, with possible continued 
propagation of the thrust along strike towards 
the N. 
3. Development of the major Champcella Thrust as a 
splay from the floor thrust approximately 3.5 km 
below the sub-Trias unconformity. Growth of 
minor folds within the Champcella nappe resulting 
from a variable ratio of slip rate:fault propaga-
tion rate. Eventual slip of the Champcella nappe 
across its footwall to achieve a displacement of 
approximately 3 km. 
4. Sticking of the Champcella nappe in its frontal 
portion and continued slip in the rear of the 
sheet leading to buckling and eventually inverting 
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the stratigraphy to produce a 'backfold' or 
'retrocharriage' structure. 
POSSibly 
5. Slip of Sheet (1)Aas an extensional fault sheet, 
possibly partially driven by growth of the major 
backfold structure. (Two distinguishable 
segments can be isolated within this 
fault sheet on the balanced cross section; segment 
(1) appears to restore to a position near to the 
backfold structure, and segment (2) appears to 
restore to a position on the steep limb of the 
fold in early Triassic quartzites near to Torrent 
de Sachas. 
6. Development of a ramp from a minimum depth of 3 km 
wi thin the Houiller as the Roche-Charniere 'rhrust, 
sticking during development of the thrust plane and 
folding within the sheet inducing flexuring of the 
overlying sheets. 
7. Slip of the above fault-sheet assemblage as a 
'locked-package' across a footwall of Brianronnais 
Zone and subsequently Subbrian~onnais Zone strata. 
This is the simplest deformation sequence which can be 
derived from the regional geometrical evidence. The broad 
timing is probably accurate, the detailed relationship of 
slip on extensional faults driven dominantly by gravi-
tational instability and on thrusts driven dominantly by 
crustal conpression is not likely to be systematic. 
pas tula ted 
The geometrical relationships between theAextensional 
fault and its hangingwall and footwall suggest that the 
'retrocharriage' structure - the major backfold which can be 
traced as a single fold for at least 35 km along strike 
(into the area studied by Davies (1983)) - is likely to have 
grown at an early stage in the evolution of the Jrianconnais 
s 
Thrust System. This is in contrast to the traditional 
French hypothesis, e.g. Debelmas & Lemoine (1970), which 
prefers most backfold/backthrust structures to be 'late' and 
therefore postdate the main period of foreland directed 
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thrusting. A slight adjustment of this approach may be 
required for this portion of the Brian?onnais Zone; the 
backfold most probably postdates foreland propagation of 
the structurally lower thrust (Champcella 'rhrust); how-
ever, it most probably pre-dates thrusting within the 
more external Roche-Charniere nappe, Subbrianconnais and 
) 
External Zones. 
The major extensional fault places younger or older 
rocks over younger or older. It is tempting to suggest 
that the Peyre-Haute nappe is also part of this exten-
sional sheet; it is in the correct tectonic position -
see Fig. 5.4 - and although locally it places older rocks 
over younger this does not preclude an extensional origin. 
The strongest evidence to suggest that the Peyre-Haute 
nappe is part of this extensional sheet is that the Peyre-
Haute Thrust does not link down-dip to the E below a more 
internal thrust unit, either within the study area or on 
Sheet 189 of the Carte Geologique Detaillee de la France 
(Brian9on - 3rd edition). 
The tectonic shortening implied for the portion of the 
Brian~onnais Thrust System on cross section (C-C') is 
approximately 12.6 km, from an original across strike width 
of 22 km to a present day width of 9.4 km. Within the 
context of recent estimates of the amount of orogenic con-
traction in the Western Alps this value seems almost 
insignificant. However, only two major thrust sheets 
within the Brian~onnais Thrust System have been encountered 
on this cross section. The total slip on the Brian~onnais 
Floor Thrust must be extremely large to carry the 
Brianyonnais Zone across its Brian~onnais footwall and 
onto a Subbrianconnais succession of a different deposi-
s 
tional basin. 
Balanced cross section CD-D') - Fig. 5.7 - has been 
constructed from the N of the Montbrison-Serre Chevalier 
sub-area into the S of the T~te Noire-Grand Area sub-area, 
approximately 10 km N of section line (C-C'). The cross 
section illustrates one major thrust sheet (Ghfu~pcella 
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nappe) with a displacement of approximately 4.5 km across 
its footwall. The underlying thrust sheet has similar 
geometry to the Roche-Charniere nappe of section (C-C') 
and is likely to be an along-strike equivalent. 
Traditionally this lower thrust sheet is included as part 
of the Champcella nappe. It is suggested here that this 
now be termed the Roche-Charniere nappe. Minor thrusts 
with displacements of approximately 800 m occur within the 
Roche-Charniere nappe in the region to the W of Le Bez -
Fig. 5.3. 
The major backfold within the Champcella nappe is 
illustrated in section CD-D'). Growth of this fold has 
resulted in back-steepening of the more internal, struc-
turally higher thrust sheets, proving that thrusts evolved 
from E to W within this portion of the Brianyonnais Thrust 
• 
System. 
The tectonic shortening suggested by this balanced 
cross section is 12.7 km, based on a comparison of the 
present day across strike width of the section (15.3 km) 
with its restored version (28 km). This value substan-
tiates the shortening estimate of 12.6 km derived from 
section (C-C') for an equivalent along strike segment of 
the Brian90nnais Thrust System. 
The cross sectional geometry of the Brian~onnais 
Zone in the region between Le Bez and Queyrieres can be 
summarised most simply by isolating 3 major fault bounded 
units; the Roche-Charniere nappe, the Cha~pcella nappe 
and the structurally highest extensional fault sheet. It 
is suggested that this major extensional fault has a 
displacement of approximately 5 kIn, based on the offset of 
the backfold structure, assuming an approximately E-W slip 
direction. 
The fault at the base of the sheet which carries the 
metamorphic ;cailles intermediaires klippen of Serre 
Chevalier and l'Eychauda, slices through underlying fold 
and thrust structures. It seems li~ely that these klippen 
are part of the same fault sheet that is illustrated in 
Ff 57 
- 179 -
o 
- 3000m 
2000m 
-- 1000m 
-- Sea Level 
l!fm 
1-__________ _ 
-
• IS .J" ~Brian~onna;s Zone 
Balanced [ross Section 
~ 
,~ 
~ 
.. 
C 
x 
y 
Restored Cross Secti on 
Shortening 
\ 
\ 
\ 
"'-= -
within 
, 
<: 
'> 
> ........... 
> 
Brianronnais 
s 
• 
s 
" s 
s 
<: 
'> 
s 
Thrust System 
s 
d lst~nc~ x ,. 
betllfeen x and y 
y 
= 
18 If", 
28 - 15 -3 = 12-7 !fm 
n.., $"'~ ~f~ f'~''-4). OM -- _.~s~ ;. 
I.~ ~ ", ... . a;, , .J- -f4 P"'~ ""r,...~ ~ ~ 
", s"'/',"1--..t' ~.J",,,.1 _".~,..I."-" ~ -k~ .... _ 
-n.... ~""~ .Ao.<..... ..... ..,....;..{. Ie 1'..1 .. ..~ .. .. J 
c..n-u";"';", '<... ~ P\ ~ ~ h-..c..f"2. -.......t ~ 
~".~ -- .<.r-.t ... -flo.., "''*'- ., '1l<- +<-.tt-, 
'> 
" 
\ , 
Jurassic to early Ter t iary 
Tr ias Carbonates 
Houil/ er 
- 180 -
balanced cross section (C-C'). This implies that the 
klippen were originally part of a major internal 
Brian90nnais thrust sheet which carried metamorphic base-
~ 
ment across a footwall of Eocene Flysch noir, before a 
later extensional fault carried the higher thrust sheet 
and part of its footwall down towards the W, slicing 
through previously develo~ed thrust structures in the 
hangingwall and footwall. It is difficult to trace the 
approximate position of the extensional fault in the 
region of the Bois du Frorel - Fig. 5.3, due to a lack 
of exposure. However, the geometrical evidence for the 
existence of a major 'late' fault sheet is strong. 
This fault sheet of metamorphic basement and underlying 
imbricated Brian~onnais cover will be termed the Serre 
Chevalier Sheet. 
The fault geometry within the Serre Chevalier Sheet 
is perhaps the most complicated within the study area and 
the structure of most of the well exposed portion of this 
sheet is illustrated in Fig. 5.8. Barfety (1968) con-
cluded that a complex system of wrench faults and recent 
superficial sliding has moulded the present fault geometry 
of the Serre Chevalier-Montbrison region. Within the 
Serre Chevalier Sheet most lithological contacts are 
tectonic and frequently younger rocks are in fault contact 
above older rocks - Fig. 5.8. It is possible that these 
geometrical relationships developed during movement of the 
Serre Chevalier Sheet and that the Sheet is composed of a 
series of fault units which are bound by splays from the 
basal extensional fault. 
The cross sectional geometry of the Brianronnais 
Zone in the Tete Noire-Grand Area sub-area is now 
described. 
FIG. 5.8 
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(b) Tete Noir-Grand Ar~a 
The two major thrust sheets which can be identified 
in the Montbrison-Serre Chevalier region (the Roche-
Charni~re and Champcella nappes) can be traced to the N -
see Fig. 5.9 and also refer to the maps in the back pocket 
of the thesis. The structurally lower Roche-Charniere 
nappe is well exposed immediately to the E of le Monetier-
les-Bains, as a tight footwall syncline in early Triassic 
quartzites below the Champcella Thrust. Cross section 
(E-E') shown in Fig. 5.10, illustrates the cross sectional 
geometry on a section line from the Guisane valley to the 
Claree valley - see Fig. 5.9. The internal geometry of 
the Champcella nappe on the western portion of this section 
line is similar to that illustrated on cross section (A-A'); 
shortening within the sheet is achieved by buckling above 
the floor thrust and by localised cleavage development. A 
minor thrust with a displacement of less than 1 km within 
the Champcella nappe occurs to the E of Grand Area. The 
tectonic shortening suggested by this cross section is 
approximately 6.3 km, between le Monetier-Ies-Bains and 
Roche Gauthier, based on a line length comparison of the 
present day distance (8.5 km) with the restored distance 
(14.8 km). 
(c) Grand Galibier 
The Grand Galibier sub-area-provides the most inter-
esting geometrical relationships between the Brianyonnais 
and Subbrianyonnais Zones within the study region. 
geological sketch map of this area is shown in Fig. 
A 
5.11. 
The Roche-Charniere and Champcella nappes a-re continuous 
from the S into this sub-area; traditionally these nappe 
names are reserved for the thrust sheets in the vicinity 
of Montbrison and Serre Chevalier, however, it is useful 
to extend this nomenclature to the N to emphasise the 
continuity of individual thrust sheets. Localised 
imbricate systems can be mapped out in the footwall to the 
Cha~pcella Thrust which cut through the inverted limb of the 
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footwall syncline within the underlying Roche-Charniere 
nappe. 
To the W of le Grand Galibier, Fig. 5.11, 
Subbrianconnais Zone imbricates have sliced through the 
~ 
overlying Brianconnais Zone, and have therefore breached 
~ 
the local roof thrust. This geometry is illustrated on 
cross section (G-G'), Fig. 5.12. The Subbrianconnais 
~ 
imbricates along this section line restore to approxi-
mately 19.5 km;the corresponding minimum restored length 
of the exposed portion of the Brian~onnais Zone on this 
cross section is 15.3 km. The minimum shortening along 
this section line is therefore (19.5 + 15.3) km -
(6.3 km), a minimum shortening value of 28.5 km. This 
value does not include the total slip on the Brianconnais 
\ 
Floor Thrust or the Subbrianyonnais Floor Thrust.~ 
This section has briefly described the major thrust 
sheets within the Brianyonnais Thrust System of the study 
area and has provided broad estimates of local tectonic 
shortening. The distribution of folds and thrusts and 
the geometry of thrust sheets within the Brianronnais and 
Subbrian~onnais is now examined. 
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(iii) Thrust sheet geometry and the distribution of folds 
and thrusts 
The con~rast in scale and geometry of the Brianconnais 
~ 
Thrust System with the Beinn Eighe Imbricate Fan (des-
cribed in Chapter 2) is clear; constrained measurement of 
ramp angles and the 3 dimensional geometry of individual 
thrust sheets is not possible within this region of the 
Briangonnais. The bulk of the area comprises one thrust 
sheet (the Champcella nappe) within the Brianyonnais Thrust 
System, a study of thrust geometry must therefore be limited 
to a description of the relatively small scale footwall 
imbricates to the Champcella 'l'hrust and to the stratigraphic 
level of the hangingwall and foot1.'iall to the Roche-Charniere 
and Champcella Thrusts. The geometry of folds within the 
Champcella nappe and in the footwall to the Ch~~pcella 
rhrust, and the geometry of normal faults and wrench faults 
within the thrust sheets are now examined. 
(a) l"lontbrison-Serre Chevalier 
The proposed evolutionary sequence of folding and 
faulting for this sub-area has been discussed in section 
5.1 (ii). The geometry of folds immediately above and 
below the Chanpcella 'l'hrust in the region of St. Martin-de-
~ueyrieres is now examined in more detail and a geolog~cal 
map is shown in Fig. 5.13. 
'~he Champcella Thrust can be traced from near to 
Croix de la Salcette towards the N for approximately 1 kID 
into the Torrent de Combe Brune, the trace of the thrust 
then curves around to the SE towards la Bletonnee, before 
trending .i:~-S into the Bois de Bouchier. This outcrop 
pattern results from folding of the Ch~pcella nappe after 
slip on the Champcella Thrust. The geomet~J of this fold 
suggests that it has developed from sticking on the Roche-
Charniere Thrust rather than late folding of the complete 
nappe assemblage. The fold plunges to the lnn{ at approxi-
mately 30°, and cannot be traced for more than 2.5 k~ towards 
the N~TI;l wi thin the Chanpcella nappe. This ~ay be partly due 
FIG . 5.13 
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to the Champcella Thrust cutting up stratigraphic section 
in its footwall from NNE to SSW and hence growth of a 
structurally lower fold will result in a greater fold 
amplitude towards the S. 
Folds within the Champcella nappe between Bois de 
Bouchier and Ravin du Rtal typically have interlimb angles 
of 450 to 70 0 with axial planes dipping to the ENE, 
slickenside fibres on bedding planes plunge to the ESE near 
to Cr~te du Testas. These folds may be tip line folds to 
blind thrusts within the Champcella nappe, alternatively 
they may have formed by buckling during differential propa-
gation of the Champcella Thrust. The fold geomet ry of 
the Roche-Charniere and Ch~pcella nappes in the St.Martin-
de-Queyrieres region is illustrated in cross section 
(H-H'), Fig. 5.14. 
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To the N of Serre Chevalier, in the region between 
T~te du Grand Pre and le Bez (see the geological map of 
Fig. 5.15), the geometry of folds and thrusts within the 
Roche-Charniere nappe suggests that the folds have formed 
following s t icking at a ramp or floor thrust tip line. 
Subsequent thrust propagation has resulted in slip and 
formation of a footwall syncline and a hangingwall anti-
cline. The cross sectional geometry on a WSW-ENE 
section line is shown in cross section (I-I'), Fig. 5.16. 
An axial planar, NNW-SSE trending cleavage is developed 
within the middle to late Triassic carbonates. 
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The geometry of fold s within the Champcella nappe 
is best displayed in the Tete Noire-Grand Area sub-area 
see the geological sketch map of Fig. 5.9 and the maps in 
the back pocket of the thesis. The major backfold which 
has been described in section 5.1 (ii) is developed between 
Roche Gauthier and Grand Area - see Fig . 5.9. The western 
limb of the Grand Area syncline is subvertical to inverted 
, " 
near to Col du Buffere and the western limb of the Tete 
Noire syncline is subvertical to inverted near to Roche du 
Mon~tier, Fig. 5.9. The fold geometry with,in the 
Champcella nappe suggests that the folds may have evolved 
by a syste~atic sequence of tip line fold development to 
foreland directed thrusts and backthrusts. 
To the E of le Mo~tier-les-Eains, a footwall syncline 
to the Champcella Thrust exists within early Triassic 
quartzites of the Roche-Charniere nappe; this is continuous 
along strike to the N into the Grand Galibier sub-area. 
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(c) Grand Galibier 
The hangingwall to the Roche-Charniere Thrust in the 
S of this sub-area is early Triassic Quartzite, approxi-
mately 1 km to the N, near to Roche Robert, Fig. 5.17, 
the hangingwall is middle to late Triassic carbonates and 
further along strike to the N the thrust cuts down section 
to lie within Houiller. This thrust geometry may have 
resulted in subsequent E-W normal faulting within the Roche-
Charni~re nappe as it slipped across a relatively sub-
horizontal Subbrianronnais footwall. Along strike 
extension within thrust sheets, resulting from laterally 
variable detachment levels has been investigated by Butler 
(1982b). The structure observed near to le Pont de l'Alpe, 
Fig. 5.17, can be explained by along strike extension in 
the form of nor~al faulting - similar to the 'hangingwall 
drop faults' of Butler (1982b). A highly simplified sketch 
of the proposed sequence of faulting in this region is 
presented in Fig. 5.18. These normal faults, or drop 
faults, post-date growth of the footwall syncline to the 
Champcella Thrust; this further supports the view that they 
developed after slip on the Roche-Charni~re Thrust. Minor 
footwall imbricate thrusts to the Champcella Thrust slice 
through the inverted limb of this footwall syncline between 
Col de la Ponsonniere and l'Aiguillette du Lauzet, Fig. 5.17. 
An indication of the pre-thrust geometry of the Roche-
Charniere and Champcella nappes can be gained from an 
estimate of displacement on Mesozoic normal faults which 
have been folded during develonment of the Brianconnais ~ s 
Thrust System. These early extensional faults can be 
mapped out to the W of Ie Grand Lac, on l'Aiguillette du 
Lauzet, Fig. 5.17, and on the western flank of Cr~te du 
Queyrellin, Fig. 5.11. The displacements suggested by a 
restoration of cross section (F-F'), Fig. 5.19, are between 
200 m and 1 km on the major extensional faults of 
l'Aiguillette du Lauzet and Cr~te du Queyrellin, down-
throwing to the E. 
FIG. 5. 17 
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1 Propagation of thrust surface 
-----------
8rian~onnais 
NNW SSE 
2 Movement across footwall (out of page), 
and nor:l _~ faulting 
-:;--.-:-- - (Roehl RobertI 
Subbr;an~onnais footwall 
FIG. 5.18 Sketch of the proposed sequence of faulting 
in the Roche Robert region. 
A third major extensional fault which downthrows to 
. , 
the E, affects the Roche-Charn~ere nappe near to le Grand 
Galibier. The Roche-Charniere Thrust slices through this 
extensional fault which results in an immediate along strike 
change in the stratigraphic level of the hangingwall to the 
Roche-Charniere Thrust, from Triassic carbonates to 
quartzites - see Fig . 5.20. There is no evidence tha t pre-
thrust extensional faults within the Brianconnais Zone have 
j 
been utilised as thrusts during the evolution of the 
Brianyonnais Thrust System. 
Approximately 3 km to the NE of le Grand Galibier, an 
imbricate system within early Triassic quartzites occurs 
within the Champcella nappe, this imbricate. system is over-
lain by a major imbricate thrust which carries Verrucano 
rocks over quartzites to the W of Col des Rochilles, Fi g . 
5.20. Slickenside fibres on bedding surfaces within the 
quartzite imbricates plunge to the ESL, the implications of 
observed fold trends; slip direction indicators and thrust 
surface geometry are discussed in terms of movement 
directions in Chapter 6. 
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Cd) Thrust sheets and folds within the Subbrian~onnais 
Zone 
The structure of the Subbrianconnais Zone in the Col 5 
du Galibier area and the Ie Pont de l'Alpe area is illus-
trated in Figs. 5.20 and 5.17 respectively. The tectonic 
shortening and sequence of thrusting in the Galibier region 
has been outlined in section 5.1 Cii). Two major 
imbricate slices can be mapned out within the Subbrianconnais 
• s 
Thrust System to the W of Col du Galibier, within middle-late 
Jurassic and Cretaceous-Tertiary sediments, Fig. 5.20. Two 
minor imbricate slices occur structurally above this, 
approximately 500 m WNW of the Col. A third major 
Subbrianronnais imbricate slice occurs in the hangingwall 
to the thrust which breaches the Brian~onnais Floor Thrust 
between la Mandette and Col du Galibier. 
The thrust assemblage to the W of le Grand Galibier 
is flexured and pierced as a result of post-thrusting 
diapirism by Subbrian~onnais evaporites, Fig. 5.21. 
FIG. 5.21 Flexuring of the thrust assemblage in the Col 
du Galibier region by diapirism of 
Subbrian?onnais evaporites. 
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The large amount of shortening (approximately 16 km) 
represented by the Subbrianyonnais imbricates in the 
Galibier region must be transferred along strike to the S 
onto the Subbrian90nnais Floor Thrust rather than up onto 
the Brian?onnais Floor Thrust, as there is no evidence for 
large scale differential movement within the Brian~onnais 
Thrust System. 
In the le Pont de l'Alpe area, Fig. 5.17, the exposed 
portion of the Subbrian~onnais Zone consists of one 
imbricate slice which is folded into an anticline to the W 
of Roche Robert. This may be a hangingwall anticline to a 
structurally lower thrust, but ,no thrust surface is 
exposed due to drift cover. The outcrop pattern of the 
Brianqonnais Floor Thrust (Roche-Charni~re Thrust) relative 
to the Subbrian~onnais lithologies provides strong evidence 
for a movement direction towards the \{S\1 - (265 0 ), any 
movement direction further around towards the N would 
involve the Roche-Charni~re thrust cutting down strati-
graphic section in the footwall. This WS\1 direction is 
illustrated in Fig. 5.17 as a line which joins the cut-offs 
of the calcschistes planctoniques against the Roche-
Charniere Thrust in the Roche Robert and l'Alpe du Lauzet 
areas. A WNW movement direction would inVOlve cutting down 
section in the footwall from Eocene flysch to Jurassic 
limestones over a distance of 1 km, this alternative is also 
illustrated in Fig. 5.17. 
Three laterally persistent thrust sheets can be mapped 
out within the 3ubbrian?onnais Zone between Le Casset and 
Roche Gauthier, Fig. 5.22. Occasional outcrops of Triassic 
evaporites in the hangingwall suggest the floor thrust to 
the Subbrianyonnais Thrust System lies at the basement/ 
evaporite interface. No lithological cut-offs can be 
mapped out between these three thrust sheets and the implied 
shortening is therefore large, as the thrust surfaces must 
be at a low angle to bedding. No large scale folds are 
exposed in the footwall or hangingwall to these 3 
Subbrianconnais thrusts within this area. 
S' 
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Lateral continuity of thrusts, folds and 
displacements 
The Roche-Charni~re and Champcella Thrusts can be 
traced along the length of the study area for a distance 
of approximately 33 k~. The displacement of the Champcella 
Thrust relative to the underlying Roche-Charniere nappe 
(based on balanced cross section construction) varies 
between 2.5 km and 4 km. The displacement on the Roche-
Charniere Thrust, which branches off the Champcella Thrust 
at depth and forms the Brian~onnais Floor Thrust for the 
bulk of the study area is clearly very large, and cannot 
be gauged from construction of balanced and restored cross 
sections. Restored cross sections for the Brianqonnais 
Thrust System suggest that the portion of the Brianqonnais 
Zone between the Roche-CharniereThrust and the major 
backfold axis restores to approximately 22 km, from a 
corresponding present day across strike width of approxi-
mately 10 km (54.~o shortening). There is evidence for a 
small amount of differential movement within the Champcella 
nappe from the offset of fold axes and Mesozoic normal 
faults in the Querellin region, Fig. 5.11. The fold axes 
do not display a marked flexure near to the "lNW - ESE 
wrench fault offset, suggesting that structurally lower 
thrusting may have induced differential movement within 
overlying thrust sheet s. The. maj or NNW - S3E trending 
backfold can be traced for a minimum of 35 km along strike; 
it does not display a marked flexure, implying little 
differential movement. 
Thrust sheets and fold axes within the Subbrian~onnais 
Zone cannot be traced along strike for the length of the 
study area. Displacement must be transferred along strike 
from the imbricates in the Galibier region onto the 
Subbrian?onnais Floor Thrust to the Nand S. It is now 
possible to gauge the minimum restored width of the 
Subbrianconnais and BrianQonnais Zones between Jol du 
r ~ 
Galibier and the backfold axis by sequentially removing 
the shortening: 
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1. The Brianconnais Zone between Y and Z, Fig. 5.23, 
> 
restores to approximately 22 km from Y. 
2. The Subbrian~onnais imbricates between X and Y, 
Fig. 5.23, restore to approximately 16 km from X, 
thereby restoring the overlying Brianconnais a 
.1 
further 16 km to the ENE. 
3. The Brianfonnais at position W, Fig. 5.23, has to 
restore back across the entire Subbrian~onnais 
succession for a minimum distance of 16 km from W, 
thereby restoring the entire Brian~onnais a further 
16 km to the ENE. 
This implies that the minimum restored across strike width 
of the Subbrianronnais and Brian~onnais Zones in the 
Galibier region is (22 + 16 + 16) km = 54 km, the present 
across strike width is approximately 15 km, the minimum 
shortening is therefore (54 - 15) km = 39 km. No account 
has been made of the displacement on the Subbrianconnais 
~ 
and Brianronnais Floor Thrusts. It has been assumed for 
the purposes of balanced cross section construction and 
restoration that the movement direction was towards. 265° 
(subperpendicular to fold axes and thrust trends within the 
Subbrian~onnais and Briangonnais Thrust Systems), and 
suggested by the cut-off relationships in the le Pont de 
l'Alpe area. 
FIG . 5.23 
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5.2 EXTZRNAL ZONES 
( i) Movement direction, thrust geometry and tectonic 
shorten~ng 
The NW External Alpine thrust belt is a linked 
thrust system and the 3 dimensional geometry of thrust 
surfaces has been used to demonstrate a movement direction 
towards the WWN (Butler 1983). Unravelling of small scale 
thrust systems in the Beaufortain region, to the SW of the 
Mont Blanc massif, Fig. 5.24, has allowed Butler to deduce 
that the imbricate systems in this region restore to an 
original across strike width in excess of 100 km. 
GtntYI 
Grenoble Aiguillu d· ... ryts 
H 
Challlpuur 
....-::....L ____ ._, •• ,,",.\ 
50 kill 
FIG. 5.24 The NW External Alpine thrust belt. 
Recent fieldwork to the S81 .. J of the Beaufortain area 
(Parish, pers. comm.) has demonstrated that the major 
detachment surfaces which have been identified by Butler can 
be traced along strike towards the SSi{ where they form the 
bounding surfaces to more localised smaller scale imbricate 
systems within the crystalline basement and Mesozoic cover. 
Although Parish is not able to demonstrate an independently 
calculated shortening value in excess of 100 km for the 
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External Zones in the Grand Chatelard region, Fig. 5.24, 
the total displacement must be broadly conserved along 
strike from Beaufortain towards the SS\';, as there is no 
evidence for major differential displacement between 
Beaufortain and the Grand Ohatelard region. Thrust 
surfaces within the Grand Chatelard area generally strike 
SSW-N~lli and the 3 dimensional geometry of thrust systems 
suggests movement towards the ~"l'fv'l. 
To the S of the region being investigated by Parish, 
the trend of thrust surfaces changes from SSW-Elm to 
1~/-aE in the region of NE Pelvoux, and then back to a 
SaW-i.i:IE trend in SE Pelvoux - see Fig. 5.24. itJithin a 
foreland directed thrust system, structurally higher horses 
are flexured as a result of accretion of structurally 
lower thrust sheets. If thrust surfaces develop as major 
oblique-lateral ramps, subsequent slip will result in 
reorientation of overlying thrust sheets and structures. 
Beach (1981b) demonstrated that in the N Pelvoux region 
thrusts climb laterally towards the N from crystalline 
basement into Mesozoic cover rocks. Restoration of the 
cover rocks within the E part of the External Zones (the 
Ultradauphinois Zone) reveals a shortening of approximately 
70 km based on an area balance assuming an initial strati-
graphic thickness of 500 m. Despite his observation that 
thrusts climb laterally from basement into the overlying 
cover, 3each (1981d) deduced a transport direction perpen-
dicular to the strike of the thrusts, which for the bulk 
of the NE Pelvoux region suggests a movement direction 
towards the STd. The geometry of the thrust sheets to the 
E of the La Meije 'Thrust, Fig. 5.25, is now discussed. 
The structurally highest thrust which carries 
crystalline basement over early Jurassic cove~ rocks is 
the Combeynot Thrust, Fig. 5.25. To the IDv and SE of the 
Combeynot Massif this thrust cuts up section from 
crystalline basement into the overlying unconfor~able cover 
succession of Eocene shales ~~d turbidites. The co~plete 
outcrop trace of the Combeynot Thrust is illustrated more 
- 206 -
N 
5 km 
- --
FIG. 5.25 Sketch map of thrust sheets in the NE Pelvoux 
region. 
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FIG. 5.27 Sketch map of the Combeynot 'rhrust in the 
S of the study area. 
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clearly in Figs. 5.26 and 5.27. To the S of the area 
illustrated in Fig. 5.25, the Combeynot Thrust cuts back 
down into basement and trends SSv/-NNE. The present out-
crop trace of this thrust has developed as a result of 
accretion of structurally lower imbricate slices and the 
evolution of this geometry is best illustrated by con-
struction of a schematic longitudinal section viewed from 
a position looking directly'back down the movement 
direction, Fig. 5.28. 
The displacement on the Combeynot Thrust cannot be 
calculated from construction of balanced and restored cross 
sections as the cover stratigraphy in the hangingwall is 
different from that in the footwall. The footwall strati-
graphy is typical of the External Zones with a thin (25 m) 
Triassic succession overlain by up to 700 m of Lias and 
early-middle Jurassic limestones and shales. In the hanging-
wall, local Nummulitic limestone, conglomerates, shales and 
turbidites of Eocene age overlie the basement, suggesting 
removal of the Mesozoic cover prior to Flysch deposition. 
FIG. 5.28 Schematic longitudinal section illustrating the 
flexuring of the Combeynot Thrust Sheet by 
structurally lower thrusts. 
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The minimum shortening value derived from construc-
tion of balanced and restored cross sections for the 
imbricated basement and cover (Arsine imbricates) above 
the La Meije Thrust Sheet and below the Combeynot 'Thrust 
is 5.5 km, Fig. 5.29. The hangingwall cut-off to the 
Le Meije Thrust is not seen and simple projection of the 
basement-cover unconformity within the La Meije Thrust 
Sheet, using an assumed basement ramp angle of 25°, 
sugFests a displacement on the La r1eije ;rhrust of approxi-
mately 11.5 km, and hence leads to a rough value for the 
total shortening of 17 km between the La Meije and 
Combeynot Thrusts. 
This value is considerably less than the 70 ~ 
shortening estimated by Beach (1981b) for the same thrust 
system to the N of La Meije, although Beach does concede 
that if the original stratigraphic thickness of the 
Triassic and Jurassic cover rocks was as high as 1 km then 
the estimated shortening reduces from 70 km to nearer 
30 km. It is likely that the original stratigraphic 
thickness of the Mesozoic cover succession exceeded 500 m. 
In the upper Romanche Valley (Col d'Arsine area) recent 
mapping by this author clearly illustrates a present 
stratigraphic thickness of approximately 650 m for the late 
Triassic to late Toarcian/Aalenian sedi~ents. 
The anount of shortening in the footwall to the 
La Meije Thrust (Ultradauphinois Thrust) has been calculated 
to be 24.5 km within the Montaimont duplex approximately 
40 km to the N of the upper Romanche Valley, this shortening 
is transferred towards the S onto the Ultradauphinois 
Thrust (Parish, pers. comm.) and is broadly compatible with 
the shortening value derived from the Combeynot region. 
The pre-thrusting geometry of the External Zones in 
the region of the external crystalline basement massifs is 
not knm·,rn. For the purpose of constructing cross section 
(J-J'), Fig. 5.29, it has been assumed that no major 
extensional faults occur between the La Meije and Combeynot 
Thrusts. Davies (1YS2) demonstrates the i~portance of 
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Mesozoic extensional faults in the N of the Grandes 
Rousses massif, Fig. 5.24, and it is clear that the 
stratigraphy of the NW External Zones was not layer-cake 
prior to thrusting. The degree of Mesozoic extension 
within this portion of the Nl.1 External Alpine thrust belt 
can only be properly established by sequentially removing 
the Alpine deformation within the basement/cover sequence 
to reveal the pre-compressional geometry. The complex 
internal deformation within the Mesozoic cover rocks of the 
NW External Alpine thrust belt has been described by 
Gratier et ale (1973), Gratier & Vialon (1980), Beach 
(1981d) and Beach (1982). No attempt has been made to 
incorporate finite strain into the balanced cross section 
(J-J'), Fig. 5.29; the deformation within the cover rocks 
of NE Pelvoux and the Aiguilles d'Arves Flysch is now 
discussed. 
(ii) Folding and strain 
(a) Deformation in the footwall to the Combeynot 
'l'hrust 
No quantitative appraisal of the finite strain within 
thrust sheets has been carried out during the course of 
this study. The field observation of cleavage development 
and extension lineations is now documented. 
In the region between the upper Romanche valley and 
,\ Tete de Pradieu, Fig. 5.30, a reasonably well exposed cover 
succession of Triassic to middle Jurassic limestones and 
shales occurs between the La Meije Thrust Sheet and the 
Combeynot Thrust. A thrust of minor displacement 
(perhaps 50 m) can be mapped out near to the Chalets de 
l'Alpe du Villar d'Arene, Fig. 5.30. The cover succes-
sion in the hangingwall to this thrust at position (V) in 
Fig. 5.30 consists of approximately 2 m of conglomerates 
and sandstone, which directly overlies the basement. This 
is overlain by 15-20 m of dolomitic limestone breccia (a 
sedimentary breccia) which does not show any penetrative 
tectonic deformation. This thin sequence of sandstones, 
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conglomerates and breccias is interpreted as Triassic in 
age, based on lithological correlation with previously 
described Triassic rocks of this area. Approximately 
40 m above the breccias the early Jurassic sediments con-
sist of well bedded limestones and shales and contain 
belemni tes, which at this locality (\{ in Fig. 5.30), are 
undeformed. At point X, approximately 90 m above the 
basement/cover interface, a well developed ~l-SSE trending 
cleavage exists within the limestone-shale sequence, Fig. 
5.31, and ammonites within the limestones are slightly 
extended along strike, Fig. 5.32. 
(ombeynot 
7" 
Jurass ic 
Triassic 
• Tete 
de Pradieu 
Crystalline Basement 
N 
1 km 
FIG. 5.30 Map of the footwall to the Oombeynot Thrust in 
the region of the Chalets de l'Alpe du Villar 
d'Arene. 
FIG . 5. 31 
FIG . 5. 32 
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Bedding/cleavage in Jurassic limestones near 
to Chalets de l'Alpe. 
Defor~ed ammonite wit~in limestones near to 
above locality . 
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Exposure is patchy on the hillside structurally above 
this locality as the succession grades 
the shale dominated 'Lias schisteux'. 
Fig. 5.30, limestones which dip to the 
up-sequence into 
At position (Y), 
NE at 40° contain an 
extension lineation on the bedding planes which plunges 
at go towards 125° and is parallel to calcite fibres in 
pyrite pressure shadows. Two thin (approximately 10 m) 
lenses of cargneule of unknown age crop out immediately 
above this locality (Y); it is common to assign a Triassic 
age to any rock type which resembles a crumbly, poorly 
consolidated carbonate in this part of the Alps. 
At locality (Z), well bedded limestones which possess 
a strong cleavage subparallel to bedding , dip at 10° 
towards the NE and contain an extension lineation in the 
plane of bedding which plunges at 5° towards 118°; this is 
parallel 'to fibres in pyrite pressure shadows. Immediately 
below the Combeynot Thrust, well bedded limestones dip to 
the ENE at 40° and an extension lineation on bedding planes 
plunges at 20° towards 141°, parallel to extended belemnites, 
which indicate a local extension in excess of 10070, based 
on measurement from photographs, e.g. Fig . 5.33. 
FIG . 5.33 Extended belemnite in the footwall to the 
Combeynot Thrust . 
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These simple observations immediately question the 
validity of deriving shortening estimates using diagrams 
such as cross section (J-J'), Fig. 5.29. The finite 
strain within the cover rocks between the basement of the 
La Meije Thrust Sheet and the Combeynot Thrust shows a 
gradation from an undeformed zone of 30 m width immediately 
above the basement through a well cleaved zone with 
cleavage at a low angle to bedding which displays a small 
amount of m.,T-SE extension, into a high deformation zone 
where the dominant planar fabric is a cleavage subparallel 
to bedding. This structurally highest zone shows evidence 
for a substantial amount of NW-SE extension, from extension 
lineations and extended belemnites. Finite strain obser-
vations are no~1'l documented from the cover succession above 
the basement of the La Meije Thrust Sheet and below the 
Combeynot Thrust, in the region between Ie Pied du Col and 
Pyramide de Laurichard, Fig. 5.34. 
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A systematic description of the deformation observed 
at each locality within the small area illustrated in Fig. 
5.34 is not required here. Near to Pont d'Arsine the domi-
nant cleavage is parallel to bedding in black shales and an 
extension lineation on the bedding/cleavage plane plunges at 
15° towards 097°; quartz-carbonate veins are common in this 
vicinity and are subparallel to the cleavage. Locally this 
Cleavage is tightly folded into small scale folds which 
plunge gently towards 120°. On 3erre Pelat, Fig. 5.34, the 
cleavage is parallel to bedding and dips to the NE at 50°, 
the extension lineation on the cleavage plane plunges towards 
157°. The orientation of the cleavage and extension linea-
tions are indicated in Fig. 5.34. Structurally below the 
Combeynot Thrust at Pyramide de Laurichard the immediate 
footwall consists of Triassic sandstones. It is not possi~le 
to determine the way-up of these rocks from sedimentary· 
structures; however the lithology immediately below the 
thrusts is quartzite which structurally overlies a limestone 
breccia, suggesting that it may be invertedrrias. These 
beds dip at 80° to the SE at locality (A) on Fig. 5.34, and a 
lineation on the bedding plane plunges at 64° towards 114°. 
In the region bet'iveen Pics de Chaooissiere and Pradieu, 
Fig. 5.35, thrusts can be mapped out which cut up strati-
graphic section from basement into cover from S'..J to NE. 
Ammonites approximately 150 m above the basement/cover inter-
face are deformed and extended in a NW-SE direction· some 
. , 
of the localities which display this deformation are indi-
cated in Fig. 5.35 and one example is shown in Fig. 5.36. 
Exposure is very poor in the region of Col d'Arsine; 
however, between Col d'Arsine and Chalet d'Arsine there is 
good evidence for imbrication of the cover from the outcrop 
geometry of the Jurassic limestones, Fig. 5.37. The 
internal deformation within this imbricate slice is intense, 
and similar to the deformation described for the limestones 
im~ediately below the Combeynot Thrust in the region of T~te 
de Pradieu, with a very strong NW-SE stretching. The 
hangingwall anticline illustrated in Fig. 5.37 folds this 
extensional fabric within the limestones. 
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TrIassIc 
1 Ifm CrystallIne Basement 
----- , 
FIG . 5. 35 Map of the region between Pies de Chamoissiere 
and Pradieu . 
FIG . 5. 36 Deformed ammonite from the Col d'Arsine area . 
:b'IG. 5.37 Hangingwall anticline in Jurassic limestones near to Col d'Arsine. 
f\.) 
~ 
OJ 
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(b) Interpretation of the deformation in the footwall 
to the Combeynot Thrust 
This interpretation attempts to reconcile the follow-
ing structural observations: 
1. The Combeynot Thrust has carried a thick (approxi-
mately 2 km) slab of crystalline basement and over-
lying cover for a considerable distance across its 
immediate footwall of Jurassic limestones and shales. 
2. The intensity of deformation within the cover rocks of 
the footwall decreases down structural section. 
3. There is strong evidence for inverted stratigraphy 
immediately below the Combeynot Thrust. 
4. The dominant extension direction is m.J-SE, Fig. 5.38. 
FIG. 5.38 Stereogram of extension lineations in the 
footwall to the Combeynot 'J:hrust. 
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The inverted footivall to the Combeynot Thrust in 
the pyramide de Laurichard area suggests that the thrust 
was developed through a fold within the cover. This 
implies that the Combeynot basement was overlain by 
Triassic and Jurassic sediments prior to thrusting. 
Isolated lenses of Mesozoic strata crop out in the 
hangingwall to the Combeynot Thrust between the Combeynot 
basement and the overlying Eocene Flysch. Slip across 
the footwall must have followed propagation of the 
thrust through the fold. Following stick on the 
Coobeynot Thrust, deformation must have proceeded in its 
footwall during propagation of the structurally lower 
floor thrust within basement, and subsequent development 
of a ramp to form. the La Meije Thrust. 'lhe evidence 
from the deformation within the footwall, suggests that 
the zone between the La Meije basement and the (abandoned) 
Gombeynot Thrust, acted as a shear zone of approximately 
1.5 kIn width. 'lhe intense Ni..J-SE stretching in the upper 
portion of this shear zone reflects movement towards the 
Nvl during propagation of the La I1eije Thrust. The 
present day N',l-SE strike of the cover in this area results 
from the La l"leije Thrust cutting up stratigraphic section 
towards the NE and subsequently moving in a m~ direction 
across a subhorizontal footwall. This has pro,~uced a 
significant flexure in the hangingwall and has reorientated 
the cleavage in the region of Ie Pied du Col. This 
interpretation is s~arised in Fig. 5.39. 
Small scale imbricate slices of crystalline basement 
and !,Iesozoic cover near to le Grand Tabuc, Fig. 5.40, 
display a well developed cleavage at a low angle to 
bedding and an extension lineation which plunges at 25° 
towards 130°, parallel to calcite fibres in pyrite 
pressure shadows, Fig. 5.41, providing further evidence for 
rr.{ movement. 
FIG. 5.39 
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110del for the deformation sequence in the 
footwall to the Combeynot Thrust. 
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FIG. 5.40 Map of the region near to le Grand Tabuc. 
FIG. 5.41 Bedding/cleavage at locality (A), see Fig . 5. 40 • 
(c) 
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Deformation in the hangingwall to the 
dombeynot Thrust 
The Combeynot basement is unconformably overlain by 
the Aiguilles d'Arves Flysch of Eocene age. Extension 
lineations on cleavage planes which are parallel to 
bedding in the region between Rocher de l'Yret and 
Chambran plunge towards the SE - see the map in the back 
pocket of this thesis, providing further evidence for 
movement towards the NW . Small scale imbrication and 
buckling, Fig. 5.42, within the lower part of the flysch 
succession has developed without significant cleavage 
development in the region of Col du Lautaret. 
FIG . 5.42 Small scale imbrication within the Aiguilles 
d'Arves flysch. 
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3tructurally up-sequence, in the imoediate footwall to the 
Subbrianconnais Thrust, the deformation within the flysch 
) 
is characterised by a well developed bedding parallel 
cleavage within the shaley zones and boudinaged sandstone 
lenses, Fig. 5.43. 
FIG. 5.43 Boudinaged sandstones within the Aiguilles 
d'Arves flysch. 
The structurally highest major thrust in the External 
Zones within the study area is the Combeynot Thrust . This 
can be traced from Combeynot towards the N where it cuts up 
section in the hangingwall from basement into Eocene cover. 
Towards the S it cuts up-section into Eocene cover and then 
back down into basement in the region of Chambran, Fig. 5.27. 
Deposition of Eocene flysch therefore pre-dates movement on 
this thrust; this is contrary to the conclusions of Bravard 
& Gidon (1979) who invoke a sedimentary origin for many of the 
imbricate slices observed within the study area. 
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CHAPTER 6 
DISCUSSION AND CONCLUSIONS 
(i) Thrust sheet geometry 
The 3 dimensional shape of a thrust sheet which is 
enclosed by leading, trailing, oblique and lateral branch 
lines is determined by 4 major factors: 
1. The geometry of the upper thrust surface 
prior to slip. 
2. The geometry of the lower thrust surface 
prior to slip. 
3. The geometry of the footwall following slip on 
the lower thrust. 
4. The geometry of structurally lower thrusts. 
The geometry of thrust surfaces is defined by measurement 
of ramp angles (cut-off angles), which is the angle between 
a pre-existing tectonic or sedimentary fabric, e.g. bedding, 
and the thrust surface. Measurement of ramp angles in the 
Moine Thrust Zone, in a vertical plane subparallel to the 
movement direction, reveals that the thrust surfaces are 
listric shaped, i.e. the ramp angle decreases with depth. 
This is frequently assumed to be the case within thrust 
belts but it is possible to prove this from the Kinlochewe 
region. Construction of balanced cross sections suggests 
that the thrusts within the Beinn Eighe Imbricate Fan 
branch from a basal detachment zone or floor thrust within 
the Torridonian sandstone. The stratigraphic level of 
this floor thrust becomes shallower in the \~~ movement 
direction and cuts up and down section perpendicular to 
this movement direction. Imbricate thrusts which branch 
off this floor thrust mirror these geometrical character-
istics and always cut up stratigraphic section at between 
18° and 30° in the direction of movement. The balanced 
cross sections and geological map patterns of individual 
imbricate slices within the Beinn Eighe Imbricate Fan 
de~onstrate that the imbricates evolved as an in-sequence 
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thrust syste~, structurally lower thrusts are youngest and 
higher imbricate slices are flexured and reorientated as a 
result of movement on these lower thrusts. The 3 dimen-
sional geometry of horses within the Beinn Eighe Imbricate 
Fan can be assessed by examining the lateral continuity 
and cross sectional geometry of imbricate slices. It has 
been found that for the major frontal horses, the along 
strike length is approximately 5-6 times as great as the 
across strike width which is approximately 5-6 times as 
great as the thickness of the horse. 
The geometry of thrust sheets in the Pelvoux -
3rianqonnais shows similar characteristics to the Kinlochewe 
~ 
region. Balanced cross sections and geological maps 
indicate that the Champcella nappe has a restored across strike 
width of approximately 15 km, the thickness of the sheet on 
the restored section is approximately 4.5 km and the sheet 
continues to the N and S of the study region, implying a 
length in excess of 35 km. Similar ratios of length : 
width: thickness occur in the External Zones, although the 
lateral ramps in the N Pelvoux region are relatively steep 
(approximately 45°), and no simple along strike length 
prediction is possible. 
(ii) Sequence of emplacement of thrust sheets 
Balanced cross sections and geological maps illustrate 
the geometrical relationships between the hangingwall and 
footwall of thrust surfaces. These relationships define 
the sequence of propagation of thrust surfaces. In the 
Moine Thrust Zone the Kinlochewe Thrust cuts through a 
relatively small scale duplex indicating that the propagation 
rate of the major regional thrust may fluctuate and smaller 
scale imbricate thrusts may develop in a structurally lower 
posi~ion, forming small scale duplex systems. A subse-
quent increase in the propagation rate of the major thrust 
may result in slicing through of this lo\rer imbricate 
system, as an out-of-sequence thrust. The geometrical 
evidence from the Kinlochewe region suggests that the move-
ment on major thrusts is broadly in-sequence; however, the 
- 228 -
detailed evolution of major and minor thrust surfaces is 
likely to be extremely complex. 
In the Brianconnais, the Champcella nappe is folded 
i 
by the Roche-Charniere nappe, indicating that the 
structurally higher Champcella nappe overlay the Roche-
Charniere nappe prior to movement on the Roche-Charniere 
Thrust. Further evidence of in-sequence movement on 
thrust surfaces is displayed in the Galibier region where 
thrusts within the Subbrian10nnais Zone have sliced up 
through the frontal Brian?onnais Thrust, thereby forming a 
'breached roof' structure and proving the in-sequence 
nature of thrusting. In the External Zones, movement on 
the La Meije Thrust has reorientated fabrics and thrust 
sheets in its hangingwall, suggesting that thrusts developed 
sequentially towards the foreland. 
(iii) Tectonic shortening and thrust displacements 
The most accurate method of obtaining an estimate of 
tectonic shortening is to construct a balanced cross section. 
Shortening estimates for the Moine Thrust Zone in the 
Kinlochewe region suggest a minimum shortening value of 
approximately 16 km. The amount of shortening within the 
3einn Eighe Imbricate Fan decreases towards the N from its 
central portion,_ and the displacement on individual thrusts 
may increase or decrease along strike. This can be proved 
from the Kinlochewe region where displacements on indi-
vidual thrusts can be compared along the strike of the 
thrust zone. Displacements are not conserved along strike 
within thrust belts, the total displacement observed on a 
major thrust may be partially transferred along strike onto 
two or more thrusts which branch off the major thrust. 
The maximum shortening estimate derived from the Beinn Eighe 
Imbricate Fan is 7., km on a section line through Sgurr Dubh. 
Deriving an accurate esti~ate of tectonic shortening 
for the Pelvoux-Brianyonnais is made difficult by the 
contrasting stratigraphic successions of the Ultradauphinois, 
Subbrian?onnais and Brian~onnais Zones. However 
- 229 -
construction of balanced cross sections across each of 
these zones demonstrates a minimum restored width of 17 km 
between the La Meije Thrust and the Combeynot Thrust, and 
54 km between the frontal Subbrianronnais Thrust and the 
3rianfonnais backfold axis. This restored width does not 
take into account the following factors: 
1. Displacement on the Combeynot Thrust. 
2. Shortening within the Aiguilles d'Arves flysch. 
3. Displacement on the Subbrian~onnais Floor Thrust. 
4. Displacement on the Brianronnais Floor 'Thrust. 
To obtain an estimate of orogenic contraction across the 
External, Subbrian!onnais and Brian~onnais Zones, the 
External Zones must be 'pinned' near to the Rhone Valley and 
restored in an ESE direction, the Subbrian~onnais and 
nrianronnais would then have to be restored in an ENE 
direction, implying a change in thrust sheet movement 
directions during evolution of the French Alps. 
(iv) Strain within thrust sheets 
Strains within thrust sheets can be assessed in terms 
of strains which develop in the footwall to an abandoned 
thrust, strains which develop during slip and strains which 
develop after stick on the lower thrust. The plastic 
defor~ation within the Beinn Eighe Imbricate Fan suggests 
that a small percentage of layer parallel shortening may 
develop in the footwall to an abandoned thrust as a tip 
strain to a newly developing structurally lower thrust. 
A variable along strike propagation rate will result in 
frontal, oblique and lateral tip strains. The extent of 
layer parallel shortening within the imbricate slices of 
the Beinn Eighe Imbricate Fan varies between ~~ and 2~o 
and is thought to reflect zones of relatively rapid thrust 
propagation and relatively slow thrust propagation respect-
ively. The highest layer parallel shortening values are 
found in the portion of the imbricate fan which contains 
the thinnest imbricate slices, i.e. in regions overlying a 
relatively shallow floor thrust. Differential displacement 
can be documented on individual thrusts and this results in 
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differential movement within imbricate slices. There is 
evidence for a small amount of layer normal shear 
throughout the Beinn Eighe Imbricate Fan, especially in 
the northern part, which displays less shortening and 
corresponding small dextral layer normal shear strains. 
There is also evidence for flexural slip within imbricate 
slices which may be a response to movement across the 
underlying thrust surface; extensional strains have been 
recorded within the hangingwall to imbricate thrusts, 
suggesting that components of flexural slip within the 
sheet and ductile extension allow the sheet to modify its 
geometry to conform to the underlying thrust surface. 
In the External Zones of the NE Pelvoux region the 
strains within the Mesozoic cover rocks can be interpreted 
in terms of layer parallel shortening and shearing within 
the footwall to an abandoned structurally higher thrust, 
which evolve during propagation of the new, structurally 
lower thrust. The ease of propagation of new thrusts will 
determine the intensity of deformation within the overlying 
thrust sheet. In the Mesozoic cover below the Combeynot 
Thrust, a low deformation zone grades up into a well 
cleaved zone which grades into a high deformation zone which 
displays a large percentage extension in the WNW movement 
direction. In the Brian~onnais and Subbrian90nnais Zones 
there is evidence for early layer parallel shortenin~ prior 
to buckling and propagation of the thrust surface. 
Extension within the footwall to the Brianconnais Floor 
j 
Thrust suggests that shearing within the Subbrianconnais may 
j 
have developed in a similar fashion to that observed below 
the Combeynot Thrust. The laterally variable profile of 
a thrust surface prior to slip will determine the amount of 
geometrically necessary strain following subsequent slip 
across a subhorizontal footwall. The only convincing 
example of this mode of deformation in the Brianyonnais 
Zone suggests that the 'hang~ll strain' is displayed 
within the thrust sheet as normal faults which trend 
parallel to the movement direction. 
- 231 -
(v) Folds within thrust sheets 
Folds within thrust sheets fall into two main 
categories: folds which form as a result of slip of the 
thrust sheet across an irregular thrust surface (fault 
bend folds or structurally necessary folds), and buckle 
folds which develop during shortening within the thrust 
sheet. Both styles of folding are well developed in the 
Kinlochewe region; within the Beinn Eighe Imbricate Fan 
there is evidence for buckle folds forming at thrust tip 
lines as a response to the slip rate on the thrust 
exceeding the rate of propagation of the thrust surface. 
Frequently the thrust has then cut across the fold to 
display an anticline in the hangingwall and a syncline 
in the footwall. Folds of this type are common within 
the Champcella nappe of the Brian90nnais Zone where there 
is evidence for several generations of tip line folds 
directed both towards the foreland and hinterland (backfolds). 
Fault-bend folds or flexures are the most common type 
of fold within the Beinn Eighe Imbricate Fan and result 
from the thrust sheet slipping from the footwall ramp across 
the footwall flat; typically these folds have interlimb 
angles in excess of 150° as a response to ramp angles of 
less than 30°. In regions where the ramp geometry is 
complex, such as the Dundonnell region of the Moine Thrust 
Zone, the folds may develop with axes oblique to the move-O 
ment direction, a result of slip across oblique ramps 
rather than differential movement within the thrust sheet. 
(vi) Surge Zones 
Fault sheets which cut down stratigraphic section or 
across previously developed thrust structures, or which 
have extensional geometry in the hangingwall and footwall, 
and show extensional strains in the rear of the sheet are 
termed surge zones (Coward 1982). These structures can 
be mapped out in the Assynt region of the Moine Thrust Zone 
and may exist in the northern Moine Thrust Zone near to 
Heilam. The Kinlochewe Thrust Sheet is a candidate for a 
large scale surge zone; however, the evidence for this 
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is based on the Kinlochewe Thrust cutting down section in 
its footwall at an average angle of approximately 1°. 
The same geometrical relationships may result from a 
subhorizontal thrust cutting through a gently tilting 
sedimentary succession. 
In the Brian~onnais Zone, the Serre Chevalier Sheet 
is truncated in its footwall and hangingwall by a fault 
which is possibly extensional and therefore has the 
geometry of a surge zone. 
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